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Abstract
Nuclear Pore Protein Nup211 Is Essential for Cell Cycle Progression and Cell Shape
Maintenance in Fission Yeast
By: Ayisha R. Sookdeo
The nuclear pore complexes (NPCs) are large multi-protein channels that traverse the nuclear
envelope and mediate nucleo-cytoplasmic transport. Proteomic studies have revealed that NPCs
are composed of about thirty different proteins called nucleoporins. I explored a particular
nucleoporin, Nup211, in fission yeast. nup211 is an essential gene; its deletion is lethal and
causes morphological defects. In this study, I characterized the cell morphological defects caused
by the down-regulation of Nup211 and found that restoring the N-terminal domain of Nup211
was sufficient to rescue the lethal phenotype and partially suppress the morphological defects.
Additionally, I investigated the role Nup211 plays in cytokinesis. RNA-Sequencing analysis
revealed that Nup211 down-regulation and overexpression elicited a global change in gene
expression. Specifically in Nup211-down-regulated cells, there was a decrease in ace2 gene
expression and its downstream targets- adg1, adg2, adg3, mid2, cfh4, eng1, agn1 and rgf3. ace2
and its target genes play a dominant role in normal septum formation, dissolution, and cell
separation (cytokinesis). I show that directly restoring ace2 expression significantly suppressed
the morphological defects caused by Nup211 down-regulation. These results suggest that
Nup211 partially controls cytokinesis through control the expression of ace2. Furthermore, we
identified proteins important for cytokinesis, such as actin, were affected by Nup211 downregulation. Taken together, our data indicate that Nup211 is fundamental for fission yeast cell
shape maintenance, cytokinesis and global gene expression.
	
  

	
  

iv

Acknowledgments
I would like to express my deepest gratitude to everyone who has supported me
throughout the course of my graduate studies. I am thankful for my mentor, Dr. Hualin Zhong,
for her support and providing me the opportunity to pursue my research interests in her lab. I am
grateful for the invaluable constructive criticism and guidance I received from my committee
members, Dr. Laurel Eckhardt, Dr. Diego Loyaza, Dr. Matthew O’Connell and Dr. Amy Ikui. I
would like to acknowledge Dr. Diego Loayza for his constant encouragement, positive
influences and contributions throughout the years. I wish to thank Dr. Laurel Eckhardt for her
unwavering support and her willingness to navigate me through my project. I would like to thank
Dr. Matthew O’Connell for being accommodating and teaching me techniques that were
valuable to my project. It was because of his help that facilitated the work that I have
accomplished. A special thanks goes to the MBRS/RISE program for providing me with
financial and moral support.
This thesis is the manifestation of the guidance of my committee members and the
unconditional love and support of my family and friends. I want to thank my parents and siblings
for their words of encouragement and for being my pillar of strength. I want to thank my father
for teaching me hard work and determination. My ultimate appreciation is for my mother. She
has uplifted me throughout the years. She encouraged me when I needed it the most, made me
believe in myself and embraced me when I could not. It was her love that gave me the drive to
work hard.

	
  

v

Table of Contents
Approval Page ..............................................................................................................................iii
Abstract .........................................................................................................................................iv
Acknowledgments .........................................................................................................................v
List of Tables ................................................................................................................................ix
List of Illustrations ........................................................................................................................x
Chapter I: Introduction.................................................................................................................1
1. Overview.................................................................................................................................... 1
2. The Nuclear Pore Complex ..................................................................................................... 1
2.1 Nuclear Pore Complex Structure ............................................................................. 1
2.2 Nucleo-cytoplasmic transport ................................................................................... 3
3. Nuclear Pore Associated Protein Nup211............................................................................... 5
4. Homologs of nup211 in mRNA export.................................................................................... 6
4.1 Mammalian Tpr............................................................................................................ 6
4.2 Budding yeast Mlp1/Mlp2............................................................................................ 9
4.3 Arabidopsis NUA........................................................................................................ 11
4.4 Summary..................................................................................................................... 12
5. Homologs of Nup211 functioning in cell cycle regulation................................................... 13
5.1 Mammalian Tpr.......................................................................................................... 13
5.2 Drosophila Megator.................................................................................................... 16
5.3 Budding yeast Mlp1/Mlp2.......................................................................................... 19
5.4 Arabidopsis NUA....................................................................................................... 20
5.5 Summary..................................................................................................................... 21
6. Fission Yeast Cell Cycle......................................................................................................... 21
7. Fission Yeast Actin Dynamics................................................................................................ 23
8. Fission Yeast Cytokinesis....................................................................................................... 24
8.1 The contractile ring..................................................................................................... 24
8.2 Septation Initiation Network....................................................................................... 25
8.3 Cell Separation............................................................................................................ 27
9. Thesis Objective ..................................................................................................................... 29
Chapter II: Methods and Materials.......................................................................................... 30
1. Strains, Growth conditions and genetic methods.................................................... 30
2. Primer Synthesis......................................................................................................... 31
3. Generation of nup211 shut off strain........................................................................ 34
4. Microscopy.................................................................................................................. 35
5. Plasmids....................................................................................................................... 35
6. Protein extraction and western blot analysis........................................................... 36
	
  

vi

7. Genomic DNA extraction........................................................................................... 37
8. Southern Blot Analysis............................................................................................... 37
9. RNA extraction and RNA Sequencing data acquisition......................................... 38
10. cDNA synthesis and real time PCR analysis......................................................... 39
11. Immunofluorescence and Fluorescent In Situ Hybridization............................. 39
12. Actin Labeling.......................................................................................................... 39
13. Antibody Purification.............................................................................................. 40
14. Chromatin Immunoprecipitation (ChIP).............................................................. 41
15. Statistical Analysis................................................................................................... 41
Chapter III: Identifying the essential domain of Nup211...................................................... 42
1. Introduction............................................................................................................................ 42
2. Results..................................................................................................................................... 42
3.2.1 Overexpressed Nup211 is localized at the nuclear envelope ................................. 42
3.2.2 Generating Nup211 conditional mutant.................................................................. 43
3.2.3 Appropriate levels of nup211 is important for correct cell morphology................ 46
3.2.4 Calcofluor Staining displays defects in nup211-so (+T) septa............................... 49
3.2.5 Nup211 N-terminal domain rescues the cell growth defect of
nup211-so.............................................................................................................. 51
3.2.6 The N-terminal domain partially rescues the morphological
defects of nup211-so)................................................................................................. 53
3. Discussion................................................................................................................................ 54
Chapter IV: Altering the expression of Nup211 affects global gene expression................... 57
1. Introduction............................................................................................................................. 57
2. Results and Discussion............................................................................................................ 56
4.2.1 Nup211 down-regulation has global effects on gene expression ........................... 59
Chapter V: Nup211 transcriptionally controls the expression of ace2 transcript................ 79
1. Introduction............................................................................................................................ 79
2. Results...................................................................................................................................... 80
5.2.1 RT-PCR analyses confirm the down-regulation of ace2......................................... 80
5.2.2 ace2 overexpression partially rescues nup211-so (+T) cell
morphological defects................................................................................................ 82
5.2.3 sep1 and fkh2 overexpression partially rescues nup211-so (+T) cell
morphological defects................................................................................................ 84
5.2.4 Nup211 is enriched at ace2, sep1 and fkh2 genomic loci....................................... 85
3. Discussion.............................................................................................................................. 88
Chapter VI: Actin protein expression is decreased in nup211-so (+T) cells........................ 91
1. Introduction........................................................................................................................... 91

	
  

vii

2. Results...................................................................................................................................... 92
6.2.1 Nup211 shut off leads to a down-regulation of actin protein.................................. 92
6.2.2 Actin transcript is both cytoplasmic and nuclear
in nup211-so (+T) cells.............................................................................................. 93
6.2.3 Actin patches and cables are decreased in nup211-so (+T) cells............................ 94
3. Discussion................................................................................................................................ 96
Chapter VII: Concluding remarks and future directions....................................................... 97
References ................................................................................................................................. 101

	
  

viii

List of Tables
Table 1: Strains generated in this study....................................................................................... 30
Table 2: Primers used in this study.............................................................................................. 31
Table 3: Constructs designed for overexpressing genes.............................................................. 36
Table 4: Expression of 40S ribosomal unit genes in nup211-so (+T) cells................................. 63
Table 5: Expression of 60S ribosomal unit genes in nup211-so (+T) cells................................. 65
Table 6: Expression of DNA/RNA regulatory genes and binding partners that decrease
in nup211-so (+T) cells.................................................................................................. 67
Table 7: Expression of DNA/RNA regulatory genes and binding partners that increase
in nup211-so (+T) cells................................................................................................. 68
Table 8: Expression of histone genes and histone binding partners in
nup211-so (+T) cells..................................................................................................... 68
Table 9: Expression of cell cycle genes that decrease in nup211-so (+T) cells......................... 69
Table 10: Expression of cell cycle genes that increase in in nup211-so (+T) cells.................... 70
Table 11: Expression of 40S ribosomal unit genes in nup211-oe cells....................................... 71
Table 12: Expression of 60S ribosomal unit genes in nup211-oe cells...................................... 72
Table 13: Expression of DNA/RNA regulatory genes and binding partners that decrease
in nup211-oe cells........................................................................................................ 74
Table 14: Expression of DNA/RNA regulatory genes and binding partners that increase
in nup211-oe cells........................................................................................................ 75
Table 15: Expression of histone genes and histone binding partners in nup211-oe cells........... 76
Table 16: Expression of cell cycle genes that decrease in nup211-oe cells................................. 77
Table 17: Expression of cell cycle genes that increase in nup211-oe cells................................. 78
Table 18: RNA-Sequencing: gene expression of ace2 and its downstream targets.................... 81

	
  

ix

List of Illustration
Figure 1: Schematic of the nuclear pore complex....................................................................... 2
Figure 2: Image of nuclear transport........................................................................................... 4
Figure 3: Schematic of Nup211 gene and gene product.............................................................. 5
Figure 4: Life Cycle of S.pombe ............................................................................................... 21
Figure 5: Illustration of the actin cytoskeleton........................................................................... 23
Figure 6: Illustration of the Septation Initiation Network (SIN)................................................ 26
Figure 7: Transcriptional control of cell separation.................................................................... 27
Figure 8: Localization of Nup211 in fission yeast....................................................................... 43
Figure 9: Verification of Nup211 shut off (nup211-so) strain..................................................... 45
Figure 10: Functional verification of nup211-so strain............................................................... 46
Figure 11: Morphological defects of nup211-oe and nup211-so (+T) cells................................ 47
Figure 12: Down-regulation of Nup211 leads to severe morphology and cytokinetic defects.... 48
Figure 13: Calcofluor staining of the cell wall and primary septa............................................... 50
Figure 14: Nup211 domain analysis and cell growth.................................................................. 52
Figure 15: Cell Morphology distribution of nup211-so deletion mutants.................................. 54
Figure 16: RT-PCR confirms down-regulation of ace2 and its downstream targets................... 82
Figure 17: Cell morphology and viability of ace2, sep1 and fkh2 overexpressed strains............ 83
Figure 18: Cell morphology of ace2, sep1 and fkh2 overexpressed strains................................. 85
Figure 19: Nup211 is enriched at the ace2, sep1 and fkh2 loci................................................... 86
Figure 20: Nup211 is enriched at the ace2 promoter region........................................................ 87
Figure 21: Actin protein expression is decreased in Nup211 down-regulated cells..................... 92
Figure 22: Actin mRNA is cytoplasmic and nuclear in nup211-so (+T) cells............................. 94
Figure 23: Actin localization in nup211-so (+T) and nup211-oe cells......................................... 95
	
  

x

Chapter 1: Introduction
1. Overview
The nuclear pore complex (NPC) is a multi-functional structure made up of individual
proteins called nucleoporins. In addition to their established roles in nucleocytoplasmic transport,
nucleoporins are involved in gene regulation, controlling chromosome positioning during
mitosis, apoptosis and in the endoplasmic reticulum (ER) secretory pathway [1]. Our area of
interest has been on a particular evolutionarily conserved nuclear pore associated protein,
Nup211, in fission yeast. The functions of Nup211 have not been well studied. It is known that
both the up-regulation and down-regulation of Nup211 lead to poly-A RNA retention in the
nucleus, and nup211-null cells have a defective septum [2, 3]. The homologs of Nup211 are
more studied and have also been linked to cell cycle-regulation and mRNA export (described in
Chapter 1 sections 3 and 4). Generally, the homologs of Nup211 are overall responsible for
retaining mRNAs in the nucleus, spindle assembly checkpoint (SAC) protein localization and
efficient chromosomal alignment. Our goal was to unveil a distinctive role Nup211 plays in cell
cycle regulation independent of SAC response and chromosomal dynamics. Therefore, I set out
to identify the septum defects in nup211-null cells and determine how these defects affect
cytokinesis and cell morphology.

2. The Nuclear Pore Complex
2.1 Nuclear Pore Complex Structure
The nucleus is the command center of eukaryotic cells and stores deoxyribonucleic acid
(DNA), which is the genetic information of the organism. The nucleus is surrounded by the
nuclear envelope (NE), a double lipid bilayer membrane. The NE separates the cytoplasmic
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environment from the nucleoplasm and contains gateways called nuclear pore complexes (NPC)
that allow for nucleo-cytoplasmic communication. The basic structural components of the NPC
are conserved across eukaryotes. The NPC is a cylindrical structure with an eight-fold symmetry
measuring approximately 100-150 nm in diameter and 50-70 nm in thickness depending on the
organism [4-7]. The NPC has a mass of 125MDa in vertebrates and 66MDa in yeast [8]. The
NPC is made up of multiple copies of about 30 nucleoporins and is divided into three layers: the
cytoplasmic filaments, the central transport channel and the nuclear basket-like peripheral
filaments [5] (Figure 1).

Figure 1: Schematic of the nuclear pore complex. The major components of the NPC are illustrated. The NPC traverses the
nuclear envelope having a large cylindrical structure that is octagonally symmetrical around the axis and planar pseudo-symmetry
through the nuclear envelope [9].

The core structure contains eight spokes that surround the central channel. The central
channel is the location where the nucleoplasm connects to the cytoplasm and also where the
transport of macromolecules occurs. Attached inside the central channel, are linker nucleoporins
that form an attachment site for FG-nucleoporins. FG nucleoporins are named after their
phenylalanine-glycine repeats and are the mediators of nucleo-cyoplasmic transport. The
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peripheral filaments are attached to the core, projecting into the central channel as well as into
the nucleoplasm, forming a basket-like structure on the nuclear side of the NPC.

2.2 Nucleo-cytoplasmic transport
The NPC is a highly selective channel that transports cargoes bi-directionally and
prevents the passage of nonspecific macromolecules while allowing the free diffusion of water,
sugars and ions. Metal ions, small metabolites, and molecules less than 40kDa in mass or 5nm in
diameter can liberally pass through the NPC whereas macromolecules greater than 40kDa in size
cannot move freely through the NPC [10, 11]. Larger macromolecules such as proteins, tRNAs,
ribosomal subunits and mRNPs, overcome this permeability barrier by directly or indirectly
interacting with nucleoporins or soluble transport factors.
Proteins that are targeted into or out of the nucleus require a nuclear localization signal
(NLS) or a nuclear export signal (NES), respectively. During NPC translocation, shuttling
transport factors are necessary to either bring cargo into the nucleoplasm or to regulate cargo
translocation across the NPC into the cytoplasm. These soluble proteins are also known as
karyopherins (importins, exportins and transportins).

Karyopherins have a cargo-binding

domain, an NPC binding domain and a binding domain for the small GTPase Ran. The direct
binding of Ran regulates the association and dissociation of karyopherin-cargo complex. Import
complexes dissociate by Ran GTP binding while export complexes are formed when Ran GTP is
associated with the complex [4]. Ran activating protein (Ran GAP) is primarily in the cytoplasm
and the Ran guanine exchange factor (Ran GEF) is in the nucleoplasm. Cytoplasmic Ran is
predominantly in the GDP bound state and the nuceloplasmic Ran is in the GTP-bound state
[12].
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Figure 2: Image of nuclear transport
Importin bound cargo is imported into the nucleus via the NPC. RanGTP binds the NLS-importin complex causing a
conformational change and dissociation of cargo. During nuclear export, RanGTP binds to the exportin-cargo complex and is
exported into the cytoplasm. In the cytoplasm RanGAP hydrolyzes RanGTP into RanGDP [13].

During nuclear import, importins bind their cargo in the cytoplasm and enter the NPC.
Ran-GTP interacts with the importin-cargo complex in the nucleus and causes a conformational
change in the importin, leading to its disassociation with the cargo (Figure 2) [4]. During nuclear
export, the exportin/cargo complex binds to Ran-GTP and transports through the NPC and cargo
is released in the cytoplasm where Ran GTP is hydrolyzed to Ran GDP, which is stimulated by
Ran GAP (Figure 2) [4].
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3. Nuclear Pore Associated Protein Nup211
The fission yeast nup211 gene encodes for a nuclear pore associated protein that is
located on the rim of the nuclear envelope. It is evolutionarily conserved among Saccharomyces
cerevisiae (Mlp1 and Mlp2), Arabidopsis (NUA), Aspergillus nidiculans (Mlp1), Drosophila
(Megator) and mammalians (Tpr). nup211 is located on chromosome III. The gene is 5514 bp
having no introns and thus has no alternate spliced forms (Figure 3). nup211 is an essential gene.
Nup211 protein has many coiled-coiled domains and has a mass of about 211.4 kDa (Figure 3).
However, immunoblotting assays showed that Nup211 protein ran at 250kDa suggesting a
possibility of post-translational modifications.
5.514Kb
ATG

TAG

1837aa
Coiled coiled
domains

Figure 3: Schematic of nup211 gene and gene product.
The fission yeast nup211 gene is 5.514Kb having only one exon and is translated into a 250kDa protein having numerous coiledcoiled domains.

Nup211 has not been a heavily studied protein in fission yeast, therefore not much is
known about its functions during cellular progression. In various independent whole genome
studies, Nup211 was found to physically interact with numerous proteins such as: Duo1, Cdc23,
Bis1, Bdf2, Hhp1, Epe1, Hhp2 and Isu1 [14-16]. The interactions between Nup211 and these
proteins were not the focus of the aforementioned studies; consequently the mechanisms behind
these interactions were not explored. Actual analyses of Nup211 have demonstrated that this
protein is involved in mRNA export as well as cell cycle regulation. Both the up-regulation and
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down-regulation of Nup211 lead to poly-A RNA retention in the nucleus [2]. nup211-null cells
have a defective septum, suggesting aberrant cytokinesis [3].

Similarly, the homologs of

Nup211 are involved in mRNA export and cell cycle regulation and the subsequent chapters will
describe in greater detail their functions in these cellular processes (Chapters 4 and 5).
4. Homologs of Nup211 functioning in mRNA export
4.1 Mammalian Tpr
Tpr is localized at the nucleoplasmic side of the nuclear envelope and is associated with
the intranuclear filaments of the NPC [17]. Because mammalian cells undergo open mitosis, the
nuclear envelope, along with NPCs, disassembles and must reassemble towards the end of
mitosis. Tpr appears at the NPC near the end of mitosis and likely utilizes a receptor-mediated
pathway to enter the nucleus through largely if not completely intact NPCs [18]. This speculation
stimulated the investigation in determining how Tpr assembles at the NPC. Domain analysis
identified the C-terminal domain of Tpr as responsible for its nuclear localization and the nuclear
import of Tpr is dependent on C-terminal domain interaction with importin α and importin β [18,
19]. Importin α is an adapter molecule that connects importin β to cargo during nuclear transport.
Importin β has a binding domain for importin α, FG repeats of nucleoporins and Tpr. Importin α
specifically recognizes the nuclear localizing sequence of Tpr [18, 19].
Once localized to the nucleoplasmic side of the NPC, Tpr is functionally involved in
nucleocytoplasmic transport. Tpr was shown to interact with another importin β superfamily of
nuclear transport factor, Crm1 [18]. Crm1 is a major export receptor for mRNAs and leucine rich
export signals [20, 21]. Crm1 binds to nuclear export signals and RanGTP. Recent studies have
shown that Tpr binds to Crm1 in the presence of a nuclear export signal (NES) peptide or an
NES peptide associated with RanGTP [18]. This indicates that Crm1 interacts with Tpr in the
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nucleoplasm prior to transporting cargo into the cytoplasm. The interactions between Crm1 and
the NES peptide with or without RanGTP are lost when Tpr is depleted from the cell, and Crm1mediated export is reduced, suggesting that Crm1 depends on Tpr to transport cargo to the
cytoplasm [18, 22].
Furthermore, cells microinjected with either anti-Tpr N-terminal or anti Tpr C- terminal
domain antibodies result in cell death [23]. Researchers considered that cell death was due to
problematic mRNA export since Tpr-less cells have an accumulation of poly-A RNA in the
nuclei [23]. Poly-A RNA retention is usually associated with splicing defects. To determine
whether poly-A RNA retention in the nucleus was due to splicing defects, the localization of
splicing factor SC35 in the Tpr-less nuclei was analyzed. In wild-type conditions, SC35 formed
speckles in the nucleus corresponding to sites of transcript splicing. In Tpr-less cells, the number
of SC35 speckles decreased but the speckles became larger than those in normal cells. The
retained poly-A RNA co-localized with these speckles but only after a substantial build-up of
poly-A RNA had occurred [23]. This suggests that Tpr affects mRNA export, but not splicing,
since the SC35 speckles in Tpr-less cells were comparable to those in wild type cells in
localization until there was a buildup of poly-A RNA. In BHK cells, overexpression of full
length Tpr also caused significant increases in nuclear poly-A RNA with an accompanying
decrease in cytoplasmic poly-A RNA [19]. Domain analysis revealed that full-length Tpr or just
the Tpr domains containing amino acids 380-649 or 632-2348 caused this retention [19].
However, overexpression of the N-terminal domain did not affect the distribution of poly-A
RNA, indicating that the C-terminal domain is responsible for transcript retention [19].
Subsequent to reports of these data, researchers set out to identify whether the retained
mRNAs were intron containing or mature transcripts, using the GagPol retroviral reporter assay.
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Normally, intron-containing transcripts are retained in the nucleus; however, retroviruses must
export unspliced mRNAs that contain one or more introns to the cytoplasm so that they can be
translated into the viral Gag and GagPol proteins. There are two methods viruses use to export
their intron-containing transcripts from the host nucleus: (1) the rev response element system and
(2) the cis-acting constitutive transport element system. The human immunodeficiency virus
(HIV) utilizes the Rev dependent pathway. Rev interacts directly with Crm1 and the Rev
Response Element (RRE) to allow efficient export and expression of the intron-containing HIV
mRNAs. In the cis-acting constitutive transport elements (CTE) system, intron-retaining RNAs
are exported via the Nxf1/Nxt1 export system. The researchers also employed these described
systems to identify whether knockdown of Tpr would have an effect on retroviral introncontaining mRNA export since it was previously reported that Tpr interacts with Crm1.
The GagPol reporter assay was used to test the expression and translation of the HIV
GagPol proteins, which can be monitored by measuring the accumulation of p24 in the
supernatant of transfected cells. The expression of p24 is dependent on the presence of RRE or
CTE in the respective assays. In the CTE constructs, where mRNA interacts directly with
Nxf1/Nxt1, Tpr shRNA treatment resulted in a 60-fold enhancement of p24 protein levels in the
supernatant of transfected cells [24]. Co-transfection with Tpr shRNA and GagPol-CTE
increased cytoplasmic levels of GagPol-CTE RNA by 7.3 fold [24]. Thus, Tpr shRNA caused a
significant increase in export of the GagPol-CTE RNA and specifically regulated the nucleocytoplasmic export of CTE-RNA (intron-containing RNA). Tpr knock-down increases both
GagPol-CTE RNA export and translation of this mRNA in the cytoplasm [24]. The export
efficiency through the Crm1 pathway was also measured through p24 expression, which, in this
reporter, is dependent upon Rev that binds to RRE. Tpr knockdown did not result in an increase
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of cytoplasmic p24 in the presence or absence of Rev [24], which is consistent with the fact that
Crm1 mediated export is lost in the absence of Tpr [18]. Therefore, Tpr affects the expression of
unspliced GagPol mRNA only when it traffics through the Nxf1/Nxt1 pathway. This could also
be the result of the differences between the export pathways (and not just Crm1’s dependence on
Tpr). A subset of intron-containing transcripts, like p24, may specifically utilize the Nxf1/Nxt1
pathway and not the Crm1 pathway for its export. Overall, in this system, the transport of viral
intron-containing transcripts occurs through the Nxf1/Nxt1 pathway. Tpr is responsible for
retaining these transcripts within the nucleus since its absence leads to an increase in the export
of intron-containing p24 mRNA and protein level of p24.
A subsequent study also investigated the role Tpr plays in regulating CTE-dependent
export of unspliced RNA. They found that down-regulation of Tpr significantly increased the
levels of Gag protein cleavage products p55, p41 and p24 [25]. Tpr mediated this increase in
protein expression in HEK293T cells, COS-1 and HeLa cell lines [25]. The crucial finding of the
study was that Tpr depletion increased the amount of exported CTE-dependent unspliced
mRNAs and that ectopic expression of siRNA- resistant Tpr decreased Gag protein p24
expression in HEK293T cells [25]. In other words, the loss of Tpr caused an increase in protein
expression of intron-containing transcripts.

4.2 Budding Yeast Mlp1
Nup211 has two homologs in the budding yeast, Mlp1 and Mlp2. Studies done on Mlp1
have uncovered its role in mRNA export. Overexpression of either full length Mlp1 or the Cterminal domain of Mlp1 causes poly-A RNA to accumulate within the nucleus [26].
Overexpression of the C-terminal domain of Mlp1 leads to poly-A RNA accumulation outside of
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the DAPI stained chromatin region, and this accumulation co-localizes with the crescent shaped
localization of Mlp1 [26]. Thus, the overexpression of the C-terminal domain of Mlp1 is
sufficient to alter the intracellular localization of poly-A RNA.

Overexpression of the C-

terminal domain of Mlp1 also inhibits cell growth; researchers attributed this phenotype to the
decrease in efficient poly-A RNA export from the nucleus [26]. This finding was similar to
mammalian Tpr studies that was reasoned that the lack of cell growth was due to reduced
transcript export.
Mlp1 is specifically involved in retaining intron-containing mRNAs or pre-mRNAs
within the nucleus. A “pre-mRNA leakage” reporter assay was used to score export by
measuring the levels of intron containing mRNAs translated in the cytoplasm. In the “pre-mRNA
leakage” reporter assay, a plasmid (pJCR1) was used that allows lacZ (beta-galactosidase)
translation to occur only in the absence of RNA splicing and “leakage” (non-spliced RNA
export) was measured as the ratio of pJCR1-derived β-galactosidase divided by β-galactosidase
activity from a control plasmid. Using this method, Mlp1 null cells had severe leakage of premRNAs [27]. Deletion of mlp2 had no effect on the nuclear retention of pre-mRNAs and double
deletion of Mlp1 and Mlp2 was similar to depletion of mlp1 alone [27]. Mlp1 depletion caused a
substantial fraction of pre-mRNAs to escape the nuclear intron retention process. Depletion of
Mlp1 or Mlp2 displayed no detectable defect in splicing [27]. This suggests that Mlp1 is
involved in the active retention of pre-mRNAs in a process distinct from splicing itself and is
similar to the results found with mammalian Tpr.
Nab2 is an export factor that shuttles between the nucleus and cytoplasm and binds to
poly-A RNA, facilitating their trafficking between the nucleus and the cytoplasm. The C
terminal domain of Mlp1 interacts with Nab2 [26, 28]. The N terminal domain of Nab2 is both
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necessary and sufficient to mediate interactions with Mlp1 [28]. In a study focusing on Mlp1 and
Nab2 dynamics, it was shown that full length Nab2-GFP, at steady-state, was localized in the
nucleus while mutant Nab2 (ΔRGG-Nab2-GFP) was found throughout the cell [26].
Furthermore, when either full length-Mlp1 or C-terminal-Mlp1 was overexpressed, ΔRGGNab2-GFP was no longer dispersed in the cell but now accumulated within the nucleus,
suggesting that CT-Mlp1 is crucial for the export of Nab2 [26].
In addition to Nab2, Mlp1 was found to interact with another export factor Npl13, which
mediates the nuclear export of large ribosomal subunits [26]. Specifically, the C terminal domain
of Mlp1 co-immunoprecipitates with Npl13 [26]. The binding of Mlp1 to various export factors
proves how invaluable Mlp1 is during cargo export. Mlp1 may act as a docking site for export
factor and cargo complexes. The export factors may need to bind Mlp1 solely to facilitate
nucleocytoplasmic transport. Alternatively, Mlp1 can act as an mRNA export checkpoint and
hold the export factor-cargo complex for other mRNA processing factors to check the quality of
the mRNA prior to export to the cytoplasm.
4.3 Arabdopisis NUA
Arabdopsis NUA is localized within the inner surface of the nuclear rim [29]. NUA mutant (null
to down-regulation) alleles also show the nuclear accumulation of poly-A RNAs compared with
wild type [29]. NUA is expected to act as a docking site at the inner nuclear pore for mRNA
export and interference of this docking affects the expression of plant development genes. NUA
mutants were found to specifically have lowered mRNA levels for floral repressors and floral
integrators, FLOWERING LOCUS C (FLC) and, MAF4, an FLC paralog, leading to early
flowering phenotype [29].
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4.4 Summary
In conclusion, the homologs of Nup211 lead to poly-A RNA retention in the nucleus
upon its up-regulation or down-regulation. The overexpression of mammalian Tpr and
Arabdopsis NUA lead to poly-A RNA retention in the nucleus. The down-regulation of
mammalian Tpr, budding yeast Mlp1 and Arabdopsis NUA also leads to poly-A RNA retention
in the nucleus. Theoretically, the mRNAs that are retained in the nucleus when Tpr, Mp1 or
NUA are overexpressed would be different from those mRNAs retained when they are depleted
from the cells. Mammalian, (Tpr) and budding yeast (Mlp1) studies revealed that introncontaining transcripts escaped the nucleus when either Tpr or Mlp1 were depleted, suggesting
that these proteins are responsible for holding intron-containing transcripts in the nucleus in
wild-type conditions. Therefore, the accumulation of poly-A RNA when Tpr or Mlp1 is
overexpressed could be caused by an increased interaction with intron- containing transcripts or
even with a large number of transcripts, whether they have introns or not. Additionally, the
increased levels of Tpr or Mlp1 could physically block the pore and obstruct mRNA export.
Furthermore, Tpr and Mlp1 interact with transport factors Crm1 and Nab2, respectively. When
overexpressed, the excess Tpr or Mlp1 would sequester these transport factors in the nucleus and
thus block the mRNA export. Tpr is needed for Crm1 mediated export. When Tpr is depleted
from the cell, nuclear accumulation of poly-A RNA may be caused by the failure of the export
factor-mRNA complex to make the necessary contact with Tpr (through Crm1-Tpr interaction)
so that it can be transported into the cytoplasm, leading to a buildup of mRNAs that traffic
through the Crm1 pathway.

	
  

12

5. Homologs of Nup211 functioning in cell cycle regulation
5.1 Mammalian Tpr
Tpr was originally isolated from a carcinogen-treated osteogenic sarcoma cell line [30].
The N terminal domain of Tpr, through chromosomal translocation, had fused to the kinase
domain of proto-oncogene Met in this cell line [30]. Tpr was also found translocated to lie next
to the transmembrane tyrosine kinase receptor for nerve growth factor, TrkA. The Tpr-TrkA
fusion is associated with the progression of papillary thyroid carcinoma [31].
Functional analysis of Tpr demonstrated that it is involved in chromosomal segregation
during mitosis. Tpr colocalizes with dynein, a molecular motor that drives chromosome
movement, at the kinetochore [32]. In dynein knockdown cells, chromosomes did not congregate
at the metaphase plate appropriately, leading to a 25% increase in chromosomal lagging in
comparison to wild type cells [32]. Tpr localization to the kinetochore is lost in dynein
knockdown cells, and it was proposed that the loss of Tpr at the kinetochores was responsible for
this chromosomal lagging phenotype [32]. When cells were treated with siRNA against Tpr,
39% of the cells had lagging chromosomes during anaphase, thereby increasing aneuploidy
formation [32]. Tpr knockdown cells progressed into anaphase although the chromosomes were
misaligned and irregularly oriented, whereas in wild-type conditions, cells do not proceed into
anaphase until there is successful chromosome alignment on the spindle equator. This suggests
that Tpr is necessary for checking the appropriate chromosome alignment and prevents
aneuploidy.
Additionally, in HeLa cells, 69% of Tpr knockdown cells arrest in G0-G1, suggesting
that loss of Tpr promoted cell senescence, dramatically slowing down tumor proliferation [33].
This “senescent like” phenotype was replicated in two tumor cell lines, U2OS (a human

	
  

13

osteosarcoma cell line) and A375 (human melanoma cells). Principally, Tpr was found to
promote senescence via the p53 pathway. The p53 pathway is responsible for blocking tumor
development by eliciting senescence or apoptosis in response to stress [34] . In HeLa and U2OS
cells, Tpr depletion leads to nuclear accumulation of p53 as well as to an up-regulation of p53
and p21 mRNA expression [33].
Further analysis of Tpr revealed, that in HeLa cells, Tpr co-immunoprecipitated with
spindle assembly checkpoint (SAC) components: dynein, dynactin, DLC, Mad1, Mad2 and
nucleoporin Nup153 [32]. Dynein is comprised of six components; a heavy, intermediate, light
intermediate and three different light chain families. Dynein is required to move Mad2 and
BubR1 off kinetochores in metaphase, thus releasing the SAC and permitting chromosome
segregation. Mad1 is a positive regulator of the spindle assembly checkpoint and recruits Mad2
to unattached kinetochores. Depletion of dynein eliminated Tpr localization to the kinetochore
while Tpr knock-down in HeLa cells led to a 40% decrease in total Mad1 protein levels,
although Mad2 and dynein complex protein levels remained unchanged [32]. The localization of
Mad1 and Mad2 to the kinetochore was diminished as well in these Tpr knock-down cells, which
indicates that Tpr is responsible for localizing Mad1 and Mad2 to the kinetochore. The absence
of Tpr would be expected, therefore, to disrupt the SAC response. The SAC is responsible for
preventing the separation of chromosomes until each chromosome is properly attached to the
spindle during mitosis. This finding explains why there was in an increase in aneuploidy in Tpr
knockdown cells [32].
Another study verified that Tpr depletion eliminates Mad1 and Mad2 localization to
kinetochore. Tpr co-localizes with Mad1 and Mad2 during interphase [35]. A pull down assay
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showed that the C terminal domain of Tpr binds directly to Mad2 while Mad1 interacted directly
with the N terminal domain of Tpr [35].
A recent study further explored Tpr/Mad1/Mad2 dynamics and determined that there is
an approximate 50% reduction in Mad2 localization at the kinetochores when Tpr is downregulated [36]. Tpr interacts with Mad1 independently of Mad2. Contrary to previous studies,
Tpr was shown to interact with Mad1 at the NPC during interphase but not at kinetochores
during mitosis [36]. This finding suggests that since Mad1 interacts with Mad2 at unattached
kinetochores, the co-localization of Tpr and Mad1 at the kinetochore is really due to the
interaction between Tpr and Mad2 and not Mad1. Because of this conflicting data, the interaction
between Tpr and Mad1 throughout the cell cycle needs further clarification. Nonetheless, this
study confirmed that protein levels of Mad1, Mad2 and Mps1 decrease when Tpr is depleted and
is proportionate to the degree of Tpr depletion [36]. Mps1 kinase activity is essential to recruit
Mad1-Mad2 to unattached kinetochores but the role of Tpr in regulating Mad2’s presence at
kinetochores is independent of Tpr’s effect on Mad2 protein levels [36]. The degree of
knockdown could explain why Mad2 protein expression in the previous study was shown to be
unaffected; there may have been a modest amount of Tpr knockdown so the decrease in Mad2
protein expression may have been difficult to detect [32]. Furthermore, Mad1 mRNA levels
increased in Tpr depleted cells, and this increase was possibly due to a feedback loop because of
the apparent down-regulation of Mad1 protein, suggesting that Tpr depletion influences the
protein stability and/or degradation of Mad1. Although no known feedback mechanism has been
described regarding Mad1	
   protein and the Mad1 gene, the down-regulation of Mad1 protein
along with the increase in Mad1 gene expression supports this feedback loop directly or
indirectly via other factors influenced by the loss of Mad1. Tpr depletion leads to proteolytic
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degradation of Mad2, leading to reduced Mad2 protein levels, all in all, contributing to a weaker
SAC response [36].
Based on these data, Tpr is responsible for localizing Mad1 and Mad2 to the kinetochore
to trigger the spindle assembly checkpoint. Consequently, depletion of Tpr decreases the amount
of Mad1 and Mad2 at the kinetochore. Tpr is also known to retain intron-containing transcripts
within the nucleus under normal conditions (See Section 4.1), and Tpr depletion leads to aberrant
nuclear export of intron-containing transcripts. Tpr also interacts with export factors, and its
depletion inhibits the export of export factor-mRNA/cargo complexes (See Section 4.1). The
changes in mRNA and protein levels of Mad1 and Mad2 could be a consequence of problematic
mRNA export. Depletion of Tpr may cause unspliced Mad1 and Mad2 mRNAs to be exported
into the cytoplasm where they cannot be translated into full-length proteins. Alternatively, Mad1
and Mad2 mRNAs might bind to export factors that depend on Tpr to be exported and depletion
of Tpr would cause Mad1 and Mad2 mRNAs to be retained in the nucleus. The Tpr-depleted
cells could develop a feedback mechanism, as previously mentioned, and possibly overexpress
the Mad1 gene to compensate for the decrease in Mad1 protein expression. There would be less
Mad1 and Mad2 available at the kinetochore to trigger the spindle assembly checkpoint.

5.2 Drosophila Megator
Megator is an essential gene and the Megator protein is localized at the nuclear rim and to
the nuclear extrachromosomal space during interphase [37, 38]. During prophase, Megator
rearranges into a fusiform spindle structure [38]. Megator co-localizes with lamin at the nuclear
rim [38]. Additionally, Megator and Skeletor co-localized in a spindle-like structure separate
from the chromosomes congregated at the metaphase plate [38]. This implied that Megator and
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Skeletor act in the same protein complex during mitosis. RNAi treatment against Megator led to
a 60% reduction of cells undergoing mitosis, particularly, depletion of Megator prevents cells
from entering metaphase [38].
Domain analysis uncovered that the C terminal domain of Megator co-localized with the
tubulin spindle at metaphase. However, the N terminal domain of Megator, when expressed
alone, does not go to the nucleus like the full-length protein. Rather, Megator N-terminal domain
self-assembles into hollow spherical structures [38]. These data indicate that the C terminal
domain is necessary for the proper localization of Megator.
Megator depleted cells do not have major spindle defects but form poorly defined
metaphase plates with a lower mitotic index as well as a destabilized response to microtubule
depolymerization agents [38, 39]. The mitotic index is defined as the number of cells in
metaphase and anaphase as a percentage of total cell number. Aside from its interaction with
Skeletor, Megator, similar to its mammalian homolog (Tpr), interacts with other spindle matrix
proteins such as Mad1 and Mad2 [39, 40]. When Megator is depleted from cells, Mad2 is
reduced at the kinetochores [39]. Megator co-immunoprecipitates with Mad2 yet its depletion
does not affect normal Mad2 protein expression levels, which suggests that mRNA transport of
Mad2 is not compromised. Megator may be responsible for a proper SAC response as has been
shown for mammalian Tpr, given the interaction between Megator and Mad1/Mad2, and since
loss of Megator leads to cell-cycle arrest after metaphase plate formation.
Megator’s influences on chromosomal activity and interaction with the spindle matrix
were investigated with respect to EAST. EAST is a component of the nucleoskeleton that helps
to constrain the mobility of chromosomes in interphase and mitosis. EAST associates with an
interior, non-chromosomal compartment of the interphase nucleus. EAST loss-of-function cells
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have an increased frequency of mitotic errors as well as abnormal chromosomal alignments in
prometaphase, similar to the phenotype seen in Megator knockdown cells [41]. During
metaphase, Megator and EAST co-localized into fusiform spindle structures, along with
Skeletor, possibly to ensure proper chromosomal alignment [40]. Conceivably, Megator, EAST
and Skeletor act in a complex to aid in chromosomal alignment during mitosis, and loss of any of
these components disturbs chromosome localization.
During Drosophila development, there is a process called dosage compensation regarding
X linked gene expression in the male and female sexes. Dosage compensation leads to changes
in the X chromosome chromatin structure affecting the transcription of X linked genes. A 2-fold
transcriptional up-regulation of X linked genes in males accomplishes this dosage compensation
in Drosophila [42]. There are numerous male-specific lethality genes in Drosophila such as
MSL-1, MSL-2, MSL-3, MLE and MOF and form what is called the dosage dependent complex
(DCC). MSL-1 depletion leads to a loss of enrichment of MSL-1, MSL-3 and MOF at the X
chromosome. MSL-1 is important for recruiting components of DCC factors to allow
transcription of specific X chromosome genes. In Megator depleted cells, MSL-1 staining on the
X chromosome was diminished, causing a two-fold transcriptional down-regulation of dosagecompensated X linked genes [43]. These data prove that Megator can alter the expression profile
of X linked genes. It is, however, not known whether Megator directly binds to MSL-1 at the X
chromosome or how it alters the expression of MSL-1. Megator may act as an anchor to MSL-1
on the X chromosome or retain MSL-1 mRNA within the nucleus due to potential aberrant
mRNA export.
Aside from the role Megator plays in spindle assembly and X-linked gene transcription, it
has been intriguingly associated with genome wide gene expression. A chromatin
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immunoprecipitation (ChIP)-chip assay showed that Megator and its NPC binding partner,
Nup153, bind to 42% of the Drosophila genome, thus representing a new class of global
chromatin-binding proteins [44]. The researchers explained that Megator binds to what they
termed, nucleoporin associated regions (NAR) that occur in gene-rich areas that span
approximately 4700 protein-coding genes, proposing that the transcriptional activity of these
genes is affected by nucleoporin binding [44]. This study stated that the binding of Megator to
these genes promotes a high level of transcriptional activity in an open chromatin environment
[44]. Because Megator binding to NARs is transient and is found both at the nuclear rim and on
chromosomes [38], the NARs may be localized at the nuclear periphery and/or within the
nucleoplasm. Although the mechanism behind these processes is unknown, imaging techniques
would be able to determine where NARs are localized throughout the cell cycle.

5.3 Budding yeast mlp1/mlp2
Budding yeast mlp1 and mlp2 double mutant is sensitive to the DNA damaging agent,
bleomycin, and have clonal lethality, or, a nibbled phenotype [45]. The clonal lethality
phenotype in budding yeast is also seen when sumoylating and desumoylating enzymes are
mutated. Specifically, strains defective in the desumoylating enzyme, Ulp1, have a similar
nibbled phenotype; therefore it is appropriate to investigate the relationship between
desumoylating enzymes and the Mlps. Zhao et al showed that the localization of Ulp1 resembles
that of Mlps [46]. In mlp1 mlp2 double mutants, Ulp1 protein levels are reduced to 1/5 of the
wild-type level with a concomitant decrease of Ulp1 at the nuclear rim [46]. Consequently, Mlps
were found to be required for anchoring and stabilizing Ulp1 at the nuclear rim [46].
Overexpression of Ulp1 restores its localization and rescues the nibbled colony morphology and
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the bleomycin sensitivity of Mlp1 Mlp2 double mutants [46]. This suggests that the nibbled
phenotype in the mlp1 mlp2 double mutant is caused by the mislocalization of Ulp1. Mlps are
important for localizing Ulp1 to the nuclear rim, but Ulp1 overexpression can restore its
localization. The Mlps may act as a docking site for Ulp1 and in the absence of the Mlps, Ulp1
may lose the ability to be delivered to the nuclear rim.
Mlp1 and Mlp2 form a complex with spindle pole body (SPB) core components, Spc110,
Cnm67, Spc42, Spc29 and Cmd1. Mlp2 binds to Cdc31, a calmodulin like calcium binding
protein that helps form the bridge structure involved in SPB duplication [47]. Mlp2 also interacts
specifically with Spc110, Spc42 and Spc29, which are located at the nuclear side of the SPB
[47]. Cells lacking Mlp2 had Spc42 moieties that were not incorporated into the central plaque of
fully formed SPB, which proved that Mlp2 is involved in proper incorporation of SPB
components into a full SPB [47]. Mlp2 mutants have fragmented and lobulated nuclei with
invaginations of the nuclear envelope carrying deformed SPBs [47]. Cells without Mlp2 also had
a short spindle, suggestive of cells in metaphase and consistent with the hypothesis that Mlp2
and its homologs play a role in cell-cycle progression past early M phase [47].

5.4 Arabidopsis NUA
A recent study described mutations in the NUA gene that led to stunted primary root
development, shorter primary roots, and smaller division zone (DZ) size [48]. The DZ is the
location of cellular division in the Arabidopsis roots. Further analysis demonstrated that NUA
interacts with AtMAD1 but not AtMAD2 based on yeast two-hybrid assay [48]. AtMAD1
interacts with AtMAD2, and can act as a bridge between NUA and AtMAD2 since AtMAD2 co-
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localizes with NUA at the nuclear envelope. NUA is required for AtMAD1 and AtMAD2
localization at the nuclear envelope [48].
5.5 Summary
Overall, all homologs of Nup211 appear to play a role in localizing spindle assembly
checkpoint proteins to the kinetochore. Tpr, Megator, Mlp2 and NUA act to localize SAC
proteins to the chromosome. Depletion of Mlp2 and NUA also display aberrant cellular
morphology. Mlp2 depletion restricts cells from progressing into mitosis while the loss of Tpr
and Megator promote cellular senescence. Tpr, Megator, Mlp2 and NUA may act as anchors for
processes that occur at the nuclear envelope since Mlp2 was shown to localize Ulp1 to the
nuclear rim and Tpr localizes Mad1 and Mad2 to the NPC. These data suggest that the functions
of Ulp1 and Mad/Mad2 are dependent on their localization and if their “anchor” is missing, Ulp1
or Mad1/Mad2 is improperly localized and nonfunctional.
	
  
6. Fission Yeast Cell cycle

Schizosaccharomyces pombe life cycle
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Figure 4: Life Cycle of S.pombe. S. pombe cell cycle is divided into G1, S, G2, and M phases. G2 phase comprises 70% of the
cell cycle.
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Schizosaccharamyces pombe (S.pombe) or fission yeast is a unicellular eukaryotic
organism. S.pombe is an archaeascomeyete and is evolutionarily distinct from Saccharomyces
cerevisiae. Fission yeast cells are rod shaped. Wild-type haploid cells are generally 8-14um in
length and 3um in width [49] . The genome of S.pombe has been fully sequenced and found to
have 4970 genes with 13.8Mb of total DNA. S.pombe has three chromosomes: Chromosome I
(5.7Mb), II (4.6Kb) and III (3.5Kb). The mitochondrial genome is roughly 2Kb [50]. S.pombe
has two mating types; P (h+) and M (h-). Homothallic wild type strains (h90) are able to switch
their mating type between h+ and h- every two generations [51]. Heterothallic strains are used
for experimentation since they are mating type stable. These strains require the opposite mating
type partner for conjugation. The S.pombe life cycle is preferably haploid whereas diploids
readily undergo meiosis and then sporulation to create haploids [51]. However, diploid strains
can be maintained via vegetative growth on rich medium and at higher temperatures (36°C).
S.pombe grows by elongation at their ends and divides by medial fission. Their cell cycle
is distributed into gap 1 (G1), synthesis (S), gap 2 (G2) and mitosis (M) phases. In exponentially
growing cells, G2 takes 70% of the division time. G1, S and M phases are each 10% of the cell
cycle (Figure 4). During G1, active protein synthesis occurs so cells can commit to the S phase.
DNA is duplicated during the S phase and is followed by G2 where cells grow in size [51].
Mitosis segregates the chromosomes into divided nuclei [51]. S.pombe undergoes a closed
mitosis; their nuclear envelope does not disassemble [52].
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7. Fission Yeast Actin Dynamics
Actin is one of the most abundant proteins in the eukaryotic cell. Actin is highly
conserved and participates in numerous cellular processes such as endocytosis, vesicle
trafficking, cell motility, cell shape and polarity maintenance and cytokinesis. Actin is present in
two forms: monomeric (G actin) and filamentous (F actin). The fission yeast actin cytoskeleton
is composed of actin patches, actin cables and the actomyosin contractile ring, each having
distinct functions throughout the cell cycle (Figure 5). Endocytic actin patches are composed of
short-branched filaments while contractile ring and actin cables are composed of straight
filaments bundled in an antiparallel or parallel fashion.

Figure 5: Illustration of the actin cytoskeleton. Actin patches aid in the internalization of endocytic vesicles. The actin ring is
formed into an actomyosin ring, which plays a crucial role in septum assembly and constriction. Actin cables span the length of
the cell and are involved in vesicle transport [53]

Actin patches accompany polarized cell growth at the tips of interphase cells and at the
middle of dividing cells. Actin patches are assembled at sites of endocytosis and serve to aid the
internalization of endocytic vesicles that contain factors responsible for cell wall synthesis and
cytokinesis [54]. The actomyosin ring is very important for faithful cytokinesis. The ring is made
up of actin as well as Myo2, Cdc4, Cdc12 (formin), Cdc15, and Rng2 [55]. These proteins
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contribute to the stabilization and nucleation of actin (further explained in section 9). During
cytokinesis, the anillin-like Mid1 proteins provide the spatial cue for the actomyosin ring
placement. The distribution of F actin is heavily connected with the site of septum formation
during the cell cycle. The importance of the actomyosin ring is not only in contracting the cell
but, also its position, since its placement determines the site of septum formation thus the site of
division.
8. Fission Yeast Cytokinesis
8.1 The contractile ring
The cell cycle of fission yeast models that of higher eukaryotic systems, there is first a
round of nuclear division then cellular division called cytokinesis. Cytokinesis is initiated early
in the cell cycle when the contractile ring is formed at the future division plate, also known as the
septum. The initial placement of the contractile ring is primarily dependent upon the position of
the pre-divisional nucleus and the anillin-like protein Mid1 [56]. Polo kinase 1, Plo1, activates
Mid1 nuclear export to the medial cytoplasmic cell cortex as “cortical dots” [57]. A major
mechanism responsible for maintaining localization of Mid1 to the cell cortex are the activities
of polarity kinase, Pom1. Pom1 is concentrated at both ends of the cell and forms a protein
gradient from the cell tips. The Pom1 gradient is dependent upon the tea proteins, Tea1 and Tea4
[58, 59]. In the absence of Tea1 and Tea4, Pom1 does not localize at the cell tips [60]. Pom1 acts
to exclude Mid1 from the non-growing end of the cell. Mutations in Pom1 cause rings to form at
the cell tips.
The specified sites of the Mid1 cortical dots mark the contractile ring assembly in early
mitosis. The major components of the contractile ring consist of myosin type II, myosin light
chains and IQGAP and actin [61]. Mid1 recruits myosin type II, myosin light chains and IQGAP
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to the medial cortex. Actin filaments then form at the medial region. The actin filaments are
assembled by cdc12. Profilin interacts with actin monomers while Cdc12 nucleates actin
filaments from free actin monomers while cooperating with profilin to elongate the filaments.
Actin assembly is also dependent on tropomyosin, ADF (actin depolymerizing factor), fimbrin
and alpha actinin, which regulates actin dynamics and contributes to the bundling of actin in the
ring [62, 63]. The cortical dots move in an actin dependent manner to form a distinct ring
structure. At the end of anaphase, the contractile ring begins to contract and directs the formation
of the cell wall septum. After the ring closes, the primary septum is digested away completing
cell separation.
8.2 Septation Inititation Network (SIN)
The SIN is a signal transduction pathway required for the constriction and disassembly of
the contractile ring. It is important to note that the contractile ring can form without the input of
the septation initiation network; in other words, cells with defective SIN can construct an
actomyosin ring [64]. Signal transduction by the SIN is controlled by the Ras GTPase, Spg1
[65]. Spg1 is regulated by a bipartite GAP comprised of a catalytic subunit Cdc16 and a scaffold
subunit Byr4 [66]. During interphase, Spg1 is kept inactive in its GDP bound state with Cdc16Bry4. Loss-of-function mutants of the GAP components Cdc16p and Byr4p undergo multiple
rounds of cytokinetic actin ring and septum formation, without undergoing cell cleavage. The
Spg1 guanine exchange factor (GEF) is unknown in fission yeast. However, it is known that
upon mitotic entry, Spg1 bound to GTP is activated when associated to its effector protein kinase
Cdc7 [67]. Cdc7 relays the activation signal from Spg1-GTP to its downstream targets to trigger
the disassembly of the contractile ring.
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Spg1 is first activated in a symmetrical fashion at both spindle pole bodies (SPBs) during
metaphase [67]. The protein kinases Sid1 and regulatory subunit Cdc14 along with Sid2 and
regulatory subunit Mob1 are also required for SIN signaling [68]. The SIN proteins assemble on
a scaffold comprised of Cdc11 and Sid4 [69]. The C-terminus of Cdc11 interacts with Sid4,
which in turn is anchored to the spindle pole body (SPB) by binding to Ppc89 [70] (Figure 6).
Loss-of-function mutants in any of the genes sid1, cdc14, sid2, mob1, sid4, cdc11, spg1, and
cdc7 lead to the formation of elongated, multinucleated cells also known as septation initiation
phenotype [71]. The nuclear cycle continues in the absence of cytokinesis, until cells eventually
lyse.

Figure 6: Illustration of the Septation Initiation Network (SIN)
The SIN is responsible for the constriction and disassembly of the contractile ring. The SIN is controlled by the Spg1 GTPase and
the bipartite GAP complex, cdc16p and a scaffold subunit byr4p, which repress SIN activity on the old spindle pole body (SPB)
of late anaphase cells by converting Spg1 into an inactive GDP bound form. In the active state, Spg1 GTP bound form, the signal
transduction pathway is activated and septation occurs [72].

The three scaffold proteins, Cdc11, Sid4 and Ppc89, are observed at the SPB at all cell
cycle stages (Figure 6). Spg1, Byr4 and Cdc16 associate with the SPB throughout interphase.
Spg1 associates with Cdc7 on both SPBs from the onset of mitosis. Byr4 stays associated with
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both SPBs early in mitosis. Once cells undergo anaphase, Cdc7 and Sid1-Cdc14 associate
preferentially with the newly- created spindle pole, while the Cdc16-Byr4 GAP reassembles on
the old SPB, thus the SIN symmetry is broken as anaphase proceeds. A known negative
regulator of the SIN is the forkhead-associated RING-finger protein Dma1, which binds to Sid4
at the SPB [73].
8.3 Cell Separation
The septum is made where the contractile actomyosin ring forms. When the ring
constricts, the primary septum develops. The mature septum is a three-layered structure that is
composed of the inner primary septum and the flanking secondary septa, which becomes the cell
wall to the dividing daughter cells. The primary septum is composed of 1,3 β glucan while the
secondary septa are composed of 1,3 α glucan, 1,6 branched 1,3 glucan, 1,6 β glucan and
galactomannans [74, 75].

Figure 7: Transcriptional control of cell separation. Sep1 activates ace2, thereby triggering the expression of three known
categories of cell separation genes: (1) agn1 and eng1, encode proteins that are responsible for septum degradation (2) mid2
encodes an important protein for septin ring formation (3) adg1, adg2, adg3 and cfh4 encodes proteins that play a role in
dissolving the primary septum [76].

Primary septum degradation is dependent on the activity of transcription factors sep1 and
ace2, the mediator complex and exocyst complex [77-83]. Ace2 activates numerous mitotic
genes such as the ace2 dependent genes (adg1, adg2 and adg3) which are responsible for cell
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separation, mid2, a periodically expressed gene involved in promoting septin organizing into
stable ring structures, agn1 an endo- (1-3)-α-glucanase responsible for septum edging hydrolysis,
eng1 an endo- (1,3)-α-glucanase that dissolves the primary septum and clf4, a chitin regulatory
factor. Sep1 activates ace2 and also turns on other mitotic phase genes that trigger septum
formation [84].
Cell separation begins with the erosion of the cell wall around the edge of the primary
septum by agn1 [83, 85]. Once the cell wall is disrupted, the cell turgor pressure rounds the
secondary septa, generating a physical force that launches the splitting of the primary septum
[85]. Eng1 facilitates the process by degrading the 1,3 β glucan material of the primary septum
[86]. The correct localization of Agn1 and Eng1 to the septum requires the association of septins
and mid2 [87]. Septins are GTPases that function as protein anchors. The fission yeast cell has
seven known septins, four of which (spn1, spn2, spn3 and spn4) assemble into the single noncontractile ring after the actomyosin contractile ring forms. The septin ring disperses after cell
separation [88, 89]. The septin-mid2 ring is formed at the site of septation and guides the exocyst
to transport and secrete hydrolytic enzymes important for cell cleavage into the junction region
between the septum and the cell wall [87]. The exocyst complex is composed of 5 subunits sec6,
sec8, sec10, sc15 and exo70 [81]. This exocyst complex also forms a ring at the site of septation
and splits into two rings that flank the emerging septum. Similarly, the multi-protein mediator
complex is important for triggering the transcription of genes responsible for septum dissolution
(sep9, sep10, sep11, sep15, mcs6, pmh1 and rpb4) [77, 79, 82, 90, 91]. Mutations in mediator
complex components, Mcs6 and Pmh1, lead to the down-regulation of sep1-regulated genes,
including ace2 [91].
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9. Thesis Objectives and Overview
The objective of my thesis was to analyze the roles of Nup211 in cytokinesis. I first
determined that Nup211 down-regulated cells have severe morphological defects along with
multiple, thickened and misplaced septa (Chapter III). I was also interested to determine the
domain of Nup211 that can rescue the lethal phenotype and cytokinetic defects (Chapter III).
Since there are many regulatory factors in fission yeast that control cytokinesis, I employed
RNA-sequencing analysis to identify genes that were affected by altering the expression of
Nup211 and uncovered that Nup211 has a global effect on gene expression (Chapter IV).
Specifically, the down regulation of Nup211 leads to a decrease in expression of cell separation
transcription factor ace2 (Chapter V). I hypothesized that the septum and morphological defects
in Nup211 down-regulated cells were caused, at least in part, by the decrease in ace2 expression.
The subsequent part of my work focused on the interaction between Nup211 and actin
(Chapter V1). Since Nup211 down-regulated cells have severe morphological defects and actin
plays a crucial role in cell polarity and morphology, I hypothesized that the actin cytoskeleton
would be disrupted when Nup211 is down regulated. I determined that the protein expression of
actin is decreased when Nup211 was down regulated and the actin cytoskeleton is indeed altered.
Finally, Chapter VII discusses future experiments that will further explore the mechanisms and
functions Nup211 plays in septum dissolution, cell morphology and actin dynamics.
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Chapter II: Methods and Materials
1. Strains, Growth Conditions and genetic methods
S.pombe strains used in this study are listed in Table 1. Yeast cells were grown in Edinburgh
minimal media (EMM) with appropriate supplements (leucine, adenine, uracil). nup211 shut-off
cells were grown for 24 hours in liquid EMM containing 10ug/ml thiamine, the cells were
harvested, washed with EMM and continued to grow in fresh thiamine containing medium for a
total of 42 hours. DNA transformations were performed using the lithium acetate method. Cells
were grown in EMM overnight, harvested and washed with fresh

Table 1: Fission Yeast Strains used in this study
Strain Name

Genotype

nup211-wt 558

leu1-32 ura4-D18 ade6-M210 h+

nup211-oe 10

nup211::kanMXleu1-32 ura4-D18 ade6-M210 h+

nup211-soars01
nup211-so-ace2
ars01-2
nup211-so-sep1
ars01-3
nup211-so-fkh2
ars01-4
nup211 (1-1837)
ars01-5
nup211 (1-1033)
ars01-6
nup211 (1-863)
ars01-7
nup211 (1-655)
ars01-8
nup211 (1-412)
ars01-9
nup211 (1034-1837)
ars01-10

	
  

nup211::nmt1 ura4 -leu1-32 ura4-D18 ade6-M210 h+
ace2 nup211::nmt1 ura4 -leu1-32 ura4-D18 ade6-M210 h+
sep1 nup211::nmt1 ura4 -leu1-32 ura4-D18 ade6-M210 h+
fkh2 nup211::nmt1 ura4 -leu1-32 ura4-D18 ade6-M210 h+
nup211 full length nup211::nmt1 ura4 -leu1-32 ura4-D18 ade6M210 h+
nup211 domain 1-1033 nup211::nmt1 ura4 -leu1-32 ura4-D18
ade6-M210 h+
nup211 domain 1-863 nup211::nmt1 ura4 -leu1-32 ura4-D18 ade6M210 h+
nup211 domain nup211 1-655 nup211::nmt1 ura4 -leu1-32 ura4D18 ade6-M210 h+
nup211 domain nup211 1-412 nup211::nmt1 ura4 -leu1-32 ura4D18 ade6-M210 h+
nup211 c terminal domain nup211::nmt1 ura4 -leu1-32 ura4-D18
ade6-M210 h+
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2. Primer synthesis
Oligonucleotides were generated using SnapGene Viewer software to determine melting
temperature and GC content then sent for synthesis using Intergated DNA Technologies services.
Each primer was resuspended in Milli-Q water to a stock solution concentration of 100uM.
Listed below is a table of the primers used for subsequent experiments.

Table 2: Primers used in this study
Primer
Number
1

5

Nup211 (nt17-38)
Nup211 (nt1959-1940)rev
Nup211 (nt2320-2294)rev
Nup211 (upstream
nt118-101)
nup211(rev fr nt1872)

6

upstream-Kan

2
3
4

Sequence
GGA CAG AAG CTG ATA TAC TCG G
GGA ATT AGG AGT TGC AGG CG
GCT GGC TAT TAC AGA TTG ATA ATT GAG
CCT CGT CGC TAC ACA CCC
GCG TAA CTG ATC GCT CAC CTC CTC CAA C
CGC CGC GCC CCT GTA GAG

7

mid-Kan

8

18

down-Kan
pJK148 upstream
primer
pJK148 downstream rev
primer
nup211 promoter
forward primer
nup211 reverse primernt 2952
pREP81-nup211
ATG+SalI
rev-nup211 BamHI
upstream nmt seq
primer
nup211 downstream
nt430 seq pr
nup211 upstream nt 200
seq pri
nup211-primer1983

19

nup211 up-fw

20

nup211 up-rev chimer

21

nup211dn-fw chimer

22

nup211dn-rev

23

ura4-fw

ATG GAT GCT AGA GTA TTT CAA AGC TAT TC

24

ura4-rev

TTA ATG CTG AGA AAG TCT TTG CTG ATA TG

9
10
11
12
13
14
15
16
17

	
  

Sequence Name

CTC GCT CAG GCG CAA TCA CG
GCG AAG TTA AGT GCG CAG
GGG CGA ATT GGG TAC CG
GCT ATG ACC ATG ATT ACG CC
TCT TGC GGC CGC GAA GTG CGC TGA ATA CTC CTG C
GGA GTT GCA GGC GCC ATA TC
TAT AGT CGA CAT GCA CGA TTC TTC CTG GAC AG
TAT AGG ATC CCT CTA ATT GCT CGT AAC GGG AC
GAA GTT CTC CTC GAC AAG CTT GC
CTA ATG AAC GTC CTA ATG ATG GTC C
CTG GAT CCT CCT TTG TTC GC
CGA ACG CTG GTA AGA AGT CTG C
CAT CTT TGA ACT GTT ATG CCT CAG G
GCT GAA TAG CTT TGA AAT ACT CTA GCA TCC ATC ATT
GCC TCA AAC AAA TAG CTT CTA AC
CAT ATC AGC AAA GAC TTT CTC AGC ATT AAG ATG TTT
TCA TAT GGT TCA TAA ATC ACT C
CAC TCA CTT CCG ACC TTA TTT GTT C
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Primer
Number
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Nup211 Primer
1-nt5214-5238
Nup211 Primer 4-down
nt254-286
mCherry forward
Primer 5
mCherry rev Primer 6
(no stop)
mCherry chimeric
primer 1-rev
mCherry chimeric
primer 2-forw
nmt forward primer
nup211 reverse primernt385
Ura+nmt chimeric
primer
Nup211 forward primer4447-76
nup211 rev
primer~500bp after
600bp above nup211
forward
Ura-nmt chimeric
primer 120810
mCherry-KanMX6
Chimeric
KanMX forward primer

Sequence
GAA TGC TAC AGA AGC TTC GTC AGC C
GAC TGA ATT TGT ACT TCT GCA AAT AGT CGT GG
ATG GTG AGC AAG GGC GAG GAG G
CTT GTA CAG CTC GTC CAT GCC GC
CCT CCT CGC CCT TGC TCA CCA TTT TTG CTT TCT TTT
GGT TCG AAC TGG ATC C
GCG GCA TGG ACG AGC TGT ACA AGT AGA TGT TTT CAT
ATG GTT CAT AAA TCA CTC TTA G
AGA CAG AAT AAG TCA TCA GCG GTT GTT TC
GAG CAG TTT GCT TCA AAT TTT GAT CCT G
TTA ATG CTG AGA AAG TCT TTG CTG ATA TGA GAC AGA
ATA AGT CAT CAG CGG TTG TTT C
GGA ACA ATT TGA ACA ACT CAA GTC GGA G
CCA AAA TCA ACA ACC GAT GCA GGG
CGG ACT CAA TCG AAG TGC GC
CAT ATC AGC AAA GAC TTT CTC AGC ATT AAA GAC AGA
ATA AGT CAT CAG CGG TTG TTT C
GCA TGG ACG AGC TGT ACA AGT AGC GGA TCC CCG GGT
TAA TTA A
CGG ATC CCC GGG TTA ATT AA
GAA TTC GAG CTC GTT TAA AC

42

KanMX reverse primer
nup211+ KanMX
chimeric reverse
Ura-nmt primer

43

Actin forward primer 1

ATG GAA GAA GAA ATC GCA GCG

44

Actin reverse primer

45

Oligo dT

46

actin 443-475-biotin

/5Biosg/CCA CTG GTA TCG TCT TGG ACT CTG GTG ATG GTG

47

actin 642-673-biotin

/5Biosg/GAA ACT TTG CTA CGT CGC TTT GGA CTT TGA GC

48

actin 801-830-biotin

/5Biosg/GGG TCT TGA AAA CGC CGG TAT TCA TGA GGC

49

Forward Primer

50

Reverse Intron Primer
Reverse Primer

41

51
52
53
54
55
56

	
  

Sequence Name

nup211 Southern probe1
forward
nup211 Southern probe1
rev
Ura/nmt Southern
probe2 forward
Ura/nmt Southern
probe2 re
pombe lib PCR Forward

GAG TGA TTT ATG AAC CAT ATG AAA ACA TGA ATT CGA
GCT CGT TTA AAC
CTT AGA ATG GTT TGA GAA GCA TAC CG

TTA GAA GCA CTT ACG GTA AAC GAT ACC
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT

ATG GGC AGA GAA ATC ATT ACG TTA C
TTA AAG AGA TAA ATA ATT GGG ATC TTC AC
CTC AAA AAA AAA TTT GCA GAA ACA TAC
GAT GCG TCG TCT AGG ATC CAA ATT TTG
CGC TTG GTG ATT CAA TGT TGG AC
CGA AGC CAA GAG ATA TAG AGA AGC TG
CAT GTT TTG GAA ACT TGT ACC CAA CC
AGA GGT GCG ATA ATC CTT TCG C

32

Primer
Number

Sequence

58

pombe lib PCR
reverse primer
Actin forward

59

Actin Reverse

CGC TCG TTT CCG ATA GTG ATA A

60

Ura4 forward

CAG GCG AGG GTA TTA TAC AAG G

61

Ura4 reverse

GTA GGA ACC AGT AGC CAA AGA G

62

Ace2 forward

TTG TAA AGC TAG AGC CCA CTT C

63

Ace2 reverse

ACG CTT TCT GGT TGT CAG TAT

64

Rgf3 Forward

CTA GAT GTC GTC GGT TGG ATT T

65

Rgf3 Reverse

GGA CTG CTC GGT ATG CTT TA

66

Eng1 Forward

GGT ATT TGT TCG CTC GGA TTT G

67

Eng1 Reverse

GAC GAA GAG TCC CAA GAG AAA G

68

Adg1 Forward

TGG ACA CTC ATA ACC CTC TTT C

69

Adg1 Reverse

GAG CTA ACA CGG TCT CCT TTA T

70

Adg2 Forward

GTG GAT CTG TTT CCT CCT TCT C

71

Adg2 Reverse

TGG GTG GTG GTA GTT GTT TC

72

Adg3 Forward

GCA TCC GAC GTA TTA AGC AGT A

73

Adg3 Reverse

CGA GAA CTG GAA CTT GGG ATA G

74

Agn1 Forward

CCG GTG GTG ATT ATA TGG AAG AT

75

Agn1 Reverse

CCA CTG AAT GTT TGT GTT GTA GAG

76

Cfh4 Forward

AAC CCG GCA GCG AAA TTA

77

Cfh4 Reverse

TCC AAG TTA CCA TCC TTC TTA GC

78

Mid2 Forward

GAC ACC TCC TCG CTT ATC ATT C

79

Mid2 Reverse

CTC GTA AGT GGC TCT TCG TAT TC

80

Sep1 Forward

TCT CAA GAA CCG GAG GAG TT

81

Sep1 Reverse

CGA TCG GGA GAA CGG ATT ATT G

82

Fkh2 (intron) Forward

ATA AAT GCG CGT TAA GGA TTT GTC

83

Fkh2 (intron) Reverse

TTC CTG CAT TTA TTT GAA CTA GGA C

84

Fkh2 (exon) Forward

CAA GCA AGC CAA GGA AAT GG

85

Fkh2 (exon) Reverse

ATT GTG GCG CTA GCA TCT AAT A

86

Ace2 Forward

GCG GCC GCA TGT CGC TTT CAT ATT TAT CAT CTT CTT C

87

Ace2 Reverse

GGG CCC TTA GTG CTG TCT GCG ATC TAC G

88

Sep1 Forward

GCG GCC GCA TGA ATT TTA ATT CTA CTA ACC C

89

Sep1 Reverse

GGG CCC TTA GAA TAG TGT TGA AGT TTG ACG

90

Fkh2 Forward

GCG GCC GCA TGA CTG TTC GCA GAC TCG AAA G

91

Fkh2 Reverse

GGG CCC TTA AGC ACT ACT TTT AAC ATT AGA TTG AGG

92

acp1 Forward

GGA AGG CAG GTC GCA TAT T

93

acp1 reverse
nup211 N-term primer
1-3099ApaI
nup211 C-term primer
NotI 3100
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94
95

	
  

Sequence Name

CCG CTC TCA TCA TAC TCT TGC
ACG TCG CTT TGG ACT TTG A

CTT ACT GGT CTC CTC GAC TGT A
TAT AGG GCC CAA GTT CCT TGG ACG AAG ACT CTT TCT C
TAT AGC GGC CGC GCC AAA CAA CTT GAG GAT GCT G
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Primer
96
97

Sequence Name
exg1 Fw-primer for
qPCR
exg1 Re-primer for
qPCR

Sequence
TTT GGG CTA TGG TCT GGA TAT G
TAG TAG CAA CAG AGC TGG AAA G

98

Ace2 Fw-NotI

TAT AGC GGC CGC ATG TCG CTT TCA TAT TTA TCA TCT
TCT TC

99

Ace2 Re-ApaI

TAT AGG GCC CTT AGT GCT GTC TGC GAT CTA CG

100

Sep1 Fw-NotI

TAT AGC GGC CGC ATG AAT TTT AAT TCT ACT AAC CC

101

Sep1 Re-ApaI
nup211-412 aa (12121236 ApaI)
nup211-655 aa (19401965 ApaI)
nup211-863 aa (25622589 ApaI)
nup211-1033aa (30733099 ApaI)
nup211-1034aa
(NotI+ATG-3100)

TAT AGG GCC CTT AGA ATA GTG TTG AAG TTT GAC G

102
103
104
105
106

TAT AGG GCC CTA ACG CTC GGA ATA CAA GTC AGA GAC G
TAT AGG GCC CTA CAA TTT GGA ATT AGG AGT TGC AGG
CG
TAT AGG GCC CTA ACG AAC ATC ATC GGA ACA CTC AGA
TAG C
TAT AGG GCC CTA AAG TTC CTT GGA CGA AGA CTC TTT
CTC
TAT AGC GGC CGC ATG GCC AAA CAA CTT GAG GAT GCT G

3. Generation of nup211 shut-off strain
The Nup211 shut off (nup211-so) strain was generated using PCR based homologous
recombination. PCR was used to synthesize a DNA fragment that contained a ura4 marker, the
nmt1 promoter flanked by 400bp sequences that were homologous to the nup211’s endogenous
promoter and the beginning of nup211 ORF. The purified DNA fragment was transformed into
strain 558 (leu1-32 ura4-D18 ade6-M210 h+). Resulting transformants were streaked onto EMM
and thiamine containing EMM plates. Transformants that had slow growth or no growth on
thiamine containing EMM plates were considered potential integrants. DNA was extracted from
the potential integrants and subjected to PCR analysis using primers that identified the ura4 gene
and nup211 ORF or the nup211 endogenous promoter and nup211 ORF. Correct integrants
would result in a 3.8kb or a 4.5kb amplicon respectively. The correct integrant was then verified
using Southern Blot analysis. All fragments and strains were sequenced using GENEWIZ DNA
sequencing services.
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4. Microscopy
Live or formaldehyde fixed cells were heat fixed onto poly-L- lysine treated coverslips. Cells
were examined in mounting medium (50% glycerol, 50 mg p-phenylenediamine). Fission yeast
septa were visualized with staining of 50 µg/ml Calcofluor (Sigma). The Perkin Elmer
UltraView ERS spinning disk confocal microscope was used for examining brightfield,
calcofluor and DAPI images (Figures 3, 4).

UltraView ERS Imaging Suite software and

Volocity were used for fast image display, image acquisition and comprehensive image analysis.
The Nikon TIRF SIM microscope was used for examining brightfield images. The acquisition
software used was Nikon elements.
5. Plasmids
All plasmids for ectopically expressed genes were constructed using the pLEV3 vector (gift from
Dr. Charlie Hoffman) pLEV3 were modified by adding restriction enzymes (ApaI and NotI) sites
at (where) within the multiple cloning site. Fragments of genes were amplified by PCR from
genomic DNA or cDNA using specified forward and reverse primers containing ApaI and NotI
sites, respectively. Phusion High-Fidelity DNA polymerase (Thermo Scientific) was used in
PCR. The DNA fragments were digested with ApaI and NotI and cloned into the ApaI/NotI sites
of the modified pLEV3 vector. Plasmid DNAs were isolated using Qiagen Miniprep Kit
(Qiagen). The junction regions, in some cases the whole insert, were sequenced to confirm the
correct ligation.
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Table 3: Constructs designed to overexpress nup211 domains and cell
separation genes
Plasmid
Name
ars-pLEV3-1

Restriction
enzymes
ApaI/NotI

nup211: FL nup211

Selective
marker
leu

ars-pLEV3-2

ApaI/NotI

nup211: 1-1033 amino acids

leu

ars-pLEV3-3

ApaI/NotI

nup211: 1-863 amino acids

leu

ars-pLEV3-3

ApaI/NotI

nup211: 1-655 amino acids

leu

ars-pLEV3-4

ApaI/NotI

nup211: 1-412 amino acids

leu

ars-pLEV3-5

ApaI/NotI

nup211: 1034-1837 amino acids

leu

ars-pLEV3-6

ApaI/NotI

nup211:FL ace2

leu

ars-pLEV3-7

ApaI/NotI

nup211: FL sep1

leu

ars-pLEV3-8

ApaI/NotI

nup211: FL fkh2

leu

ars-pLEV3-9

ApaI/NotI

nup211:empty vector

leu

Product

6. Protein extraction and Western blot analysis
Whole cell extracts were prepared from cells grown in EMM with appropriate supplements at
30°C to an OD of 0.5-0.7. Specifically, cells were harvested and resuspended in lysis buffer
(100mM NaCl, 50mM Tris-HCl, 10mM MgCl2, 1mM DTT) containing complete protease
inhibitor (Roche) (50OD/ml). Cells in MP Biomedical lysing matrix A tubes (MP Biomedicals)
were homogenized using the Fastprep24 homogenizer followed by centrifugation at 4000 rpm
for 3 min. The protein concentrations of cell extracts (the supernatant) were measured using
NanoDrop 1000 Spectrophotometer. 50ug/ml or 100 ug/ml of protein were diluted in SDS PAGE
loading buffer (65mM Tris-HCl pH 6.8; 10% glycerol; 2% SDS; 0.01% bromophenol blue; 5%
β-mercaptoethanol), boiled for 5 minutes and loaded onto an 8 or 12% resolving SDS-PAGE gel.
The loaded gels were subjected to electrophoresis using running buffer (25mM Tris base;
192mm glycine; 0.1% (w/v) SDS) and transferred onto nitrocellulose membrane (Bio-Rad) using
running buffer (25mM Tris base; 192mM Glycine; 20% methanol). Membranes were blocked for
1 hour in 5% nonfat dry milk diluted in PBST (PBS; 0.2%Tween20), washed 3 times (10
minutes each) with PBST and incubated with respective primary antibodies. Primary antibodies
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used were: anti-rabbit antibodies against the N-terminal domain of nup211 (generated by our lab)
and anti-actin (Abcam). After primary antibody incubation, the membrane was washed and
incubated for 45 minutes with either goat anti-mouse or anti-rabbit IgG-HRP conjugated
secondary antibodies (Pierce). The membranes were washed with PBST and covered with
Immobilon Western Chemiluminescent HRP substrate (Millipore) for 5 minutes and exposed to
autoradiography. Ponceau S staining was used to verify equal protein loading.
7. Genomic DNA extraction southern blot analysis
Genomic DNA was extracted from cells using the phenol-chloroform method. Cells were grown
to mid-log phase, harvested and resuspended in DNA lysis buffer (100 mM Tris, pH 8.0; 100
mM NaCl; 1 mM EDTA, pH 8.0; 1% SDS) with acid washed beads, vortexed for 5 minutes and
centrifuged for 10 minutes at 10,000 rpm to recover the supernatant. 1:1 phenol:chloroform
solution was added to the DNA-containing supernatant, centrifuged for 2 minutes to isolate the
aqueous layer. This step was repeated twice. After phenol:chloroform treatment, the DNAcontaining supernatant is added to 70% ethanol and centrifuged to isolate DNA pellet. The DNA
was resuspended in 100ul of 20mg/ml RNaseA in Tris EDTA pH 8.0 buffer.
8. Southern blot analysis
For Southern blot analysis, genomic DNA was digested with BglII enzyme overnight at 37°C
and separated onto a 0.8% agarose gel at 100V for 4 hours. The separated DNA was then
transferred to a nitrocellulose Hybond-N+ membrane (Amersham). The probe was generated
using primers (Table 2) that recognized upstream nup211 coding sequence and 400bp of the
nup211 coding region. The probed was p32 labeled following the manufacturers’ instructions
using the Angilent Technology Prime It II Random Primer Labeling Kit. The membrane was prehybridized using pre-hybridizing buffer (Sigma Aldrich) and denatured salmon sperm.
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Hybridization of the probe to the membrane was performed using Quickhyb solution
(Stratagene) washed with wash buffer 2X SSC/0.1% SDS or 0.5X SSC/0.1% SDS. The
membrane was wrapped in saran wrap and placed on a PhosphoImager screen.
9. RNA extraction and RNA-Sequencing data acquisition
nup211-wt, nup211-oe and nup211-so (+T) cells were grown in EMM containing supplementsadenine, leucine and uracil or adenine, leucine and thiamine, respectively. 5x107 cells were
incubated with 10ug of 100T zymolyase for 1 hour at 30°C to remove the cell wall. Total RNAs
were extracted from the cells using the RNeasy Kit (Qiagen). The RNA samples were submitted
to the Rockefeller University Genomics Resource Center for a quality control check followed by
RNA-Sequencing. Three biological replicates were prepared for the nup211-wt, nup211-oe and
nup211-so strains. Gene expression analysis was performed in a LINUX computing environment
using the TUXEDO bioinformatics pipeline http://www.ncbi.nlm.nih.gov/pubmed/22383036).
For each RNA sample, the TOPHAT program aligned the RNA-SEQ reads to the genome of
Schizosaccharomyces pombe strain 972h downloaded from the Broad Institute website:
(http://www.broadinstitute.org/annotation/genome/schizosaccharomyces_group/MultiDownloads
.html). The CUFFLINK program assembled RNA-SEQ reads into a single transcriptome
according to transcript coordinates obtained from the same website. The CUFFMERGE program
subsequently created a merged transcriptome by combining all RNA samples. The CUFFDIFF
program identified differentially expressed genes between the nup211-wt and nup211-so (+T) or
nup211-wt and nup211-oe, each of which consisted of three biological replicates. Transcript IDs
were mapped to gene symbols and product names based on a file downloaded from the PomBase
and located at website:
(ftp://ftp.ebi.ac.uk/pub/databases/pombase /pombe/Mappings/sysID2product.tsv).

	
  

38

10. cDNA synthesis and real time PCR analysis
RNA was isolated from cells as previously descrbed. cDNA was synthesized using total RNA as
templates using the Quanti-Tect Reverse Transcription Kit (Qiagen) following the
manufacturer’s instructions. qPCR was performed using the Quanti-Tect SYBR Green PCR Kit
(Qiagen) on the ViiA7 qPCR machine (Applied Biosystems) following the manufacturer’s
instructions. qPCR primers are listed in Table 2.
11. Immunofluorescence and Fluorescent In Situ Hybridization
Cells grown to mid-log phase were treated with 100T Zymolyase solution for 1 hour in a 30
incubator, washed with 1ml of 1XPBS. They were fixed with fixation solution (0.1M potassium
phosphate, 10% methanol, 3.7% formaldehyde and washed with 1X PBS. Cells were heat fixed
onto poly-l-lysine coverslips and permeablized with 0.1% Triton- X and 1%BSA then washed
with 1X PBS. The cells incubated in a humid chamber for overnight antibody binding. For in situ
hybridization experiments, the cells were incubated with oligonucleotide probes overnight at
36°C in 2X saline-sodium citrate (SSC) buffer. After overnight incubations, the cells were
washed with PBS buffer 3 times. After the washes, the secondary antibody was incubated for 5
hours in a humid chamber. The secondary antibody used were CY5 conjugated or anti-rabbit
FTIC conjugated ant-rabbit (Jackson ImmunoReseacrh). The cells were washed and mounted
using mounting solution (50% glycerol, 50 mg p-phenylenediamine) and analyzed using Perkin
Elmer UltraView ERS Spinning Disk Microscope.
12. Actin Labeling
Cells grown to mid-log phase and resuspended in 4% formaldehyde and incubated for 15
minutes, washed 3 times in PBS, permeablized with 1% Triton X for 5 minutes, them mounted
onto poly-l-lysine treated coverslips for 30 minutes. The cells were exposed to 488-phalloidin
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(Life Technologies) and stained for 20 minutes, washed with PBS, mounted to cover slides using
50% glycerol, 50 mg p-phenylenediamine and visualized using the Perkin Elmer UltraView ERS
Spinning Disk Microscope.
13. Antibody Purification
The first step was generating Nup211-N terminal domain recombinant protein. E. coli RIPL cells
were transformed with vector containing the N terminal domain of Nup211 overnight in LB
media containing 50ug/ml carb and 34ug/ml chlorophenicol with 0.3% glucose and transferred to
grow in a 200 ml culture at 18°C overnight until the OD was 0.72 to induce expression using
0.5mM IPTG. The cells were harvested and lysed using 20mM HEPES, 110mM potassium
acetate, 10mM MgCl2, 1mM PMSF, 1mM Benzamidine, 2mM DTT, 10% glycerol and 50ug/ml
DNase1 in cell disrupter at 30kpsi. The lysate was spun at 4,300 rpm for 45 minutes and the
cleared lysate was collected. SDS buffer was added to the lysate, boiled and loaded onto an 8%
SDS-PAGE gel. The loaded gel was subjected to electrophoresis using running buffer (25mM
Tris base; 192mm glycine; 0.1% (w/v) SDS) to separate proteins in the lysate and transferred
onto a nitrocellulose membrane (Bio-Rad) using running buffer (25mM Tris base; 192mM
Glycine; 20% methanol). The membrane was stained using Ponceau S. The recombinant protein
was cut from the membrane, blocked with 2% BSA for 2 hours and incubated with the antiNup211 N terminal serum overnight at 4°C. The purified antibody was isolated using 0.1M
Glycine pH 2.5 and neutralized using 1M Tris buffer pH 8.0. Purified antibody was used for
ChIP analysis.
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14. CHIP analysis
nup211-wt and nup211-oe cells were grown in EMM media with appropriate supplements.
nup211-so cells were grown in EMM media with adenine, leucine and 10ug/ml thiamine. All
cell cultures were grown in 50ml to an OD of 0.35-0.42. Cells were consecutively incubated with
36.5% formaldehyde and then 2.5 M Glycine at room temperature. Cell pellets were collected
using centrifugation and treated with liquid nitrogen. The pelleted cells were subsequently
treated with a cocktail of protease inhibitors (Sigma) containing PMSF, ChIP lysis buffer (1M
HEPES pH 7.5, 5M NaCl, 10% Trion X100, 10% deoxycholate sodium salt, 0.5M EDTA) and
glass beads. Using a bead beater, the cells were homogenized and centrifuged to isolate the
pellet. The pellet was then sonicated and centrifuged to isolate the supernatant. 5ul of the
supernatant was set aside and considered the input samples. 0.2ug of the anti-N terminal nup211
antibody was added to the remaining supernatant and incubated at 4°C overnight with protein
G/A coated Dynabeads. After the overnight incubation, the beads were pelleted using a magnetic
rack and sustained series of washes using ChIP lysis buffer, ChIP high salt lysis buffer (50mM
HEPES pH 7.5, 140mM NaCl, 1% Trion X-100, 1% deoxycholate sodium salt, 1mM EDTA)
ChIP wash buffer (10mM Tris pH 8, 0.25M LiCl, 0.5% NP-40, 0.5% deoxycholate sodium salt,
1mM EDTA), Tris EDTA and finally the DNA was eluted using water. The DNA was purified
using the GFX PCR DNA and Gel Band Purification Kit from GE Healthcare. 5ul of DNA was
used for subsequent qPCR analysis.
15. Statistical Analysis
Statistical analysis was executed using Microsoft Excel software. All bar graphs are displayed as
means ± standard error.
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Chapter III: Identifying the essential domain of Nup211
3.1 Introduction
In fission yeast, nup211 is an essential gene and encodes for a nuclear pore associated
protein that is localized at the nuclear rim [2]. It has been reported that nup211-null spores are
able to germinate but with aberrant morphology and a defective septum, suggesting possible
defects in cytokinesis [3]. Yet, in this study, the cell morphology and septum defects were not
classified. Therefore, I set out to determine the specific cell morphology and septum defects
caused by the loss of nup211 and also whether the overexpression of nup211 also leads to
morphological defects.

3.2 Results
3.2.1 Overexpressed Nup211 is localized at the nuclear envelope
To determine whether Nup211 is localized at the nuclear rim when overexpressed, I
utilized indirect immunoflorescence using a strain engineered to overexpress Nup211 (nup211oe). The nup211-oe strain was previously generated in the lab; the endogenous nup211 locus was
replaced by KanMX marker and it contains the pSLF173 plasmid with full-length nup211 under
the control of the strongest nmt1 promoter.

nup211-wt and nup211-oe cells were grown in

minimal media with appropriate supplements overnight at 30° C, harvested, washed with 1X
PBS and resuspended in 1.2M sorbitol. The cell walls were digested using 100T Zymolyase.
Following cell wall digestion, the cells were fixed with methanol and formaldehyde then
permeabilized with Triton X-100. Next, the cells were co-immunostained overnight at room
temperature with rabbit anti-N terminal Nup211 (previously generated in the lab) and mousemAb414, which recognizes nuclear pore complexes [92]. The secondary antibodies used were
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FITC-conjugated anti-rabbit antibody and CY5 conjugated anti-mouse antibody. Nup211 is
localized at the nuclear rim as seen in nup211-wt cells (Figure 8). Most cells have complete
nuclear rim staining while a subset of cells showed partial rim staining. nup211-oe cells also
displayed Nup211 localization at the nuclear rim, but were densely stained at the nuclear rim and
also within the nucleoplasm (Figure 8).

mAb414

merge

nup211-oe

nup211-wt

anti-nup211

Figure 8: Localization of Nup211 in fission yeast Immunofluorescence microscopy detects localization of nup211 protein in
mitotic cells. (A) anti-nup211 antibody was used to detect the localization of Nup211 (B) mAb414 antibody was used to detect
multiple nuclear pore proteins. (C) Merge. Scale bar = 5µm.

3.2.2 Generating a nup211 conditional mutant
To characterize the morphological defects of nup211-null cells, I generated a conditional
mutant. My first attempt at generating a temperature sensitive mutant was using site directed
mutagenesis described by Varadarahan et al [93]. This method suggests that a mutation in the
hydrophobic region of a protein may result in temperature sensitivity. First, I used the Kyte
Doolittle Hydropathy plot to determine the hydrophobic amino acids within the Nup211 protein
sequence. From these data, I identified the specific amino acids that are in hydrophobic regions.
Single amino acid changes in each hydrophobic core residue were generated using site directed
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mutagenesis.

My

potential

temperature

sensitive

mutant

was

nup211-V525A.

A

nup211+/nup211- diploid strain was transformed with the construct that expressed nup211
where valine at amino acid position 525 was replaced by alanine. The transformants were
subjected to sporulation and selected for nup211- and the V525A vector and was then tested for
temperature sensitivity. This mutation did not produce a suitable strain because the temperature
sensitivity was at 40°C. The high temperature could have affected other cellular processes giving
false data.
My second attempt at generating a conditional mutant was random mutagenesis using the
XL1-Red system. The XL1-red system uses engineered Escherichia coli cells with DNA repair
deficiency that randomly mutates your gene of interest on a plasmid. The resulting mutant
plasmids are subsequently transformed into fission yeast cells. Theoretically, the goal of this
method was to isolate a mutation that would lead to temperature sensitivity. However, after
numerous screens a conditional mutant did not transpire.
Finally, I employed the shut-off method to successfully generate a conditional mutant
(Figure 9). In this strain, the endogenous promoter of nup211 was replaced by the nmt1
promoter- a thiamine-repressible promoter - via homologous recombination. I transformed our
nup211-wt strain with a fragment containing the nmt1 promoter, and the ura4 marker with
flanking sequences homologous to the nup211 gene sequence (Figure 9A). I confirmed the
integration by PCR and Southern blot analysis (Figure 9B-C).
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Figure 9: Verification of nup211 shut off (nup211-so) strain. (A) Schematic of the nup211 loci of nup211-wt and nup211-so
strains. (B) PCR screen to determine the correct integration. Two primers that recognize the ura4 gene or the nup211 coding
sequence were used for PCR, which produced a 3.8kb fragment only when nup211-so genomic DNA was used as template–
confirming that the ura4 gene was located upstream of the nup211 coding sequence (upper panel). For the second PCR, two
primers that recognize the upstream of nup211 coding sequences were used, which generated a 2.5Kb fragment with nup211-wt
genomic DNA template and a 4.5Kb fragment with nup211-so genomic DNA template – confirming that the nmt1 promoter is
located upstream of the nup211 coding sequence. (C) Southern blot analysis verified correct integration of the nmt1-containing
fragment into the nup211 locus.

To determine whether the nup211-so strain was a sufficient loss-of-function mutant when
grown in thiamine, I performed Western blot analysis. I grew the cells in minimal media
containing thiamine (10µg/ml) to shut off the promoter and thereby turn off the transcription of
nup211. Western blot analysis displayed that Nup211 protein level diminished (Figure 10A). To
analyze cell growth, nup211-so cells were grown to mid- exponential phase (OD600=0.4) and
resuspended in water at a dilution of 5 X 105 cells/ml and serially diluted by a factor of 10. From
each dilution, 5µl aliquots were manually spotted onto plates. The growth assay revealed that
nup211-so plated onto thiamine (10µg/ml) containing plates were severely retarded for growth
compared to wild type (Figure 10B).
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Figure 10: Functional verification of nup211-so strain. The nup211 coding sequence is under the control of the nmt1 promoter.
Addition of 10µg/ml of thiamine repressed the nmt1 promoter, thereby repressing nup211 expression at the transcriptional level.
(A) Western blot analysis showed that cells grown in the EMM media with 10µg/ml thiamine for 42 hours exhibited a downregulation (shut-off) of Nup211 protein. (B) Spot assays to examine cell growth- nup211-so cells grown on the EMM plates
5

containing thiamine grow slower and were inviable. The spot assay started with 5µl aliquot of 5x10 cells/ml followed by tenfold
serial dilution.

3.2.3 Appropriate levels of nup211 is important for correct cell morphology
To assess the morphological and septum defects caused by altering the expression of
Nup211, I examined nup211-oe cells and nup211-so cells grown in EMM2 or EMM2 +thiamine
respectively. Cells were heat fixed onto coverslips and visualized using brightfield microscopy.
nup211-oe cells showed two phenotypes. The majority were elongated with multiple septa
compared to wild-type cells, while others were elongated with no septum (Figure 11A-B). This
latter phenotype is similar to mutants of the septation initiation network (SIN), such as cdc16116 [94] and byr4 null cells [67], while the former resembles that of mutants that fail to resolve
division septa, such as cdc15-ΔSH3 [95]. This indicates that Nup211 may play a role in
regulating the septation initiation and/or resolution, and perhaps its overexpression is titrating
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factors that are required for these events. Alternatively, Nup211 overexpression may be directly
interfering with the septation program.
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Figure 11: Morphological defects of nup211-oe and nup211-so (+T) cells. (A) Overexpression of Nup211 led to elongated
cells with multiple septa. The down regulation of Nup211 led to bulging and branched cells. Scale Bar: 5µm (B) Distribution of
morphological defects. 200 cells were counted and scored for each phenotype in triplicate. The distribution of cells is represented
as a percentage

In nup211-so cells grown in thiamine (referred to as nup211-so (+T), there was a variety
of severe morphological defects, such as multiple or misplaced septa, bulging, branched,
elongated, and rounded cells (Figure 11A-B; Figure 12). The “rounded” cells lose their rod
shape, suggesting a complete loss of cell polarity. “Bulging” cells are characterized as cells that
have a septum with one non-rod shaped daughter cell. These loss of polarity phenotypes are
indicative of defects with the actin cytoskeleton since actin is a major component in maintaining
the polarity of fission yeast cells [96]. Actin loss-of-function mutants are rounded or rugby ball
shaped [96]. The “elongated” cells are longer than wild-type cells and either have no septum or
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multiple septa (cells with multiple septa were more prevalent). These defects are reminiscent of
septation initiation network defects as seen in nup211-oe cells, suggesting that the
overexpression phenotypes may be driven by titration of factors that normally interact with
Nup211 at the nuclear pore complex, though are mislocalized when Nup211 is overexpressed
into the nucleoplasm (Fig 8).
The “thickened septum” cells have a septum that is thicker in comparison to wild-type
cells. This phenotype is similar to actin patch component mutants. In fission yeast cells, Arp3
and Sop2 are components of actin patches that when deleted cause abnormally thick septa [97,
98]. The “branched” cells have either a T-shape or a filamentous appearance. The T-shaped cells
are similar to tea (tip elongation aberrant) protein mutants. The tea pathway promotes
polarization from the cell ends and down-regulation of this pathway results in a loss of cell end
maintenance, leading to T-shape morphology [99-101]. The filamentous-like phenotype seen in
nup211-so (+T) cells are comparable to a sep1 null mutant [80]. Sep1 is responsible for
triggering mitotic gene transcription and when deleted, the morphology of the cells becomes
filamentous or hyphal [80, 84].
nup211-so (+T)
bulging

elongated

thickened
septa

rounded

branched/
multiple septa

elongated/
multiple septa

branched/
multiple septa

branched

nup211-wt

Figure 12: Down-regulation of nup211 led to severe morphology and cytokinetic defects. nup211-so cells grown in the EMM
media with 10µg/ml thiamine for 42 hours. The arrows highlight representative phenotypes: bulging daughter cell, or elongated,
multiple/misplaced septa, thickened septa, branched and small and rounded or curved cells. Scale bar 5µm
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3.2.4 Calcofluor Staining displays defects in nup211-so (+T) septa
As nup211-so (+T) cells displayed thickened septa (Figure 12), I used calcofluor white to
stain the cell wall and septa to further characterize the aberration. Live cells were heat fixed onto
coverslips and stained with calcofluor and visualized by fluorescence microscopy using a UV
filter. Under these conditions, the septa of dividing cells became fluorescent, emphasizing the
cells that have septa. nup211-wt cells and nup211-oe cells had septa that were medially placed
(Figure 13A). However, a higher magnification image showed that nup211-so cells have slanted
septa and thickened septa that are not medially localized (Figure 13B). There was an increase in
the percentage of cells with a septum in nup211-so (+T) cells compared to nup211-wt cells
(Figure 13A).

The thickening of the septa could be either due to septum material being

deposited without being degraded or an overproduction of septum material. The incorrect
positioning or slanting of the septum is comparable to a mid1-366 mutant [64, 102, 103]. Mid1 is
the initial activator of septum placement and mutations in this gene cause the actin ring and
septum to be positioned at random locations and angles on the cell surface [56]. Finally, the
thickened septa phenotype is analogous to skp1-3 and pof6-null mutants [104]. Skp1 and Pof6
form a complex that activates the cell separation pathway [104]. Loss of Nup211 expression
causes a diverse population of cell morphology and polarity defects possibly due to its
interaction with septum placement, the cell separation pathway and the actin cytoskeleton.
The placement of the septum is dependent on the localization of the interphase nucleus
and as mitosis ensues the septum medially divides the duplicated DNA content so that each
daughter cell receives its genetic material [103]. To determine the localization of the nucleus in
these strains, 4',6-diamidino-2-phenylindole (DAPI) stain was used to label DNA. The DAPI
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stain demonstrated that in a subgroup of elongated nup211-oe cells, only one daughter cell had a
nucleus (Figure 13C). This implied that there was problematic chromosomal segregation.

B
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Figure 13: Calcofluor staining of the cell wall and primary septa. (A) Down-regulation of nup211 led to an increase of cells
with septa in comparison to wild-type cells (B) Higher magnification of thickening of the septa and multiple septa (B) Higher
magnification of calcofluor staining images showing thickening and slanting of the septum and cells (C) DAPI staining.
Scale bar = 5µm
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3.2.5 Nup211 N-terminal domain rescues the cell growth defect of nup211-so
Domain analyses provide functional information regarding different regions of a
particular protein. Domain analyses on the homolog of Nup211 in human, Tpr, revealed that the
overexpression of C-terminal domain (amino acids 380-649 and 632-2348) cause poly-A mRNA
retention in the nucleus [19]. Further investigation of Tpr revealed that the C-terminal domain
binds directly to the Spindle Assembly Checkpoint (SAC) protein Mad2, while Mad1, also a
SAC protein, interacted directly with the N-terminal domain of Tpr [35]. In budding yeast, the Cterminal domain of Mlp1 (also a Nup211 homolog) interacts with the export factor Nab2 [26,
28]. Providing the differing domains of Tpr and Mpl1 have distinctive functions, my subsequent
experiment was to determine which domain of Nup211 could rescue the cell growth and
morphological defects when Nup211 is down-regulated.
To address this, I generated six constructs that overexpressed full length or truncated
regions of Nup211 from the constitutive adh1 promoter (see Methods and Materials 5; Figure
14). The constructs were each independently transformed into nup211-so strain. The resultant
strains were subsequently examined for their growth by a spot assay on no thiamine and thiamine
containing plates, where nup211-so is repressed. The nup211-so cells that were transformed with
an empty vector were used as the control.	
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Figure 14: Nup211 domain analysis and cell growth The full length Nup211 and the N-terminal domains (Nup2111-1033,
Nup2111-863 and Nup2111-655) restored cell viability; Nup2111-412 showed much less rescue effect; while the C-terminal domain
Nup2111034-1837 did not rescue the lethality caused by nup211 shut-off. This data was confirmed by two independent
transformations of each plasmid into nup211-so cells. For each transformation two colonies were tested and the phenotype was
constant.

The results showed that overexpression of the N-terminal domain (Nup2111-1033), but not
the C -terminal domain (Nup2111034-1837), restored cell growth (Figure 14). The C-terminal
domain grew similarly to the empty vector control (Figure 14). Because the N-terminal domain
revealed to be essential for cell growth, I further specified the fragment that was responsible for
this growth restoration. Nup211(1-655) and Nup211(1-863) domains were sufficient to rescue the
cell growth defect, although Nup211(1-863) was not as effective conceivably due to improper
protein folding of that domain. Alternatively, it is possible that there is an inhibitory region
between amino acids 665-863 or a protein stability issue of that domain. Nup211(1-412) did not
reestablish cell growth and grew comparably to the C-terminal domain and the empty vector
control (Figure 14).
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3.2.6 The N-terminal domain partially rescues the morphological defects of nup211-so
To determine which domain of Nup211 that can rescue the cell morphological and
polarity defects conferred by reduced Nup211 expression, I examined the cell morphology of
each strain using brightfield microscopy. The nup211-so cells that were transformed with a
construct expressing full-length Nup211 were used as the control. Cells overexpressing either the
N- or C-terminal domains had a decrease in varying cytokinetic defects. There was a decrease of
cells that were elongated, branched and with multiple septa in Nup211(1-1033) cells (Figure 15).
While Nup211(1034-1837) cells were still elongated, had multiple septa and bulging, however there
was a decrease in cells that were branched (Figure 15). Nup211(1-863) and Nup2111-655 cells were
rounded but had an overall decrease in the other cell shape defects (Figure 15). The morphology
of Nup211(1-412) cells were comparable to nup211-so (T) cells, reinforcing that Nup211(1-655) was
sufficient to restore both cell growth and partially restore morphological defects in Nup211
down-regulated cells.
Different cell morphology defects were restored with respect to a particular domain. The
data described suggest that the N-terminal domain plays a role in septum dynamics and cell
shape since there was a decrease in those phenotypes. The C-terminal domain may play a role in
cell polarity since the rounded phenotype was decreased as well as the branched T-shaped
phenotype. It is important to note that although cell morphologies were rescued, the
overexpression of neither the N- nor C-terminal domain fully restored all of the cell defects,
suggesting that the different domains play certain functions, or that the full-length protein is
needed for appropriate function.
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Figure 15: Cell Morphology distribution of nup211-so deletion mutants (A) Brightfield microscopy displayed the rescue
effects of overexpression of Nup211 and its deletion mutants in nup211-so cells on thiamine containing plates after 3 days of
incubation at 30°C. The nup211-so deletion mutants were transformed with the constructs that expressed the full-length or
specified domains of Nup211. Scale bar: 5µm (B) Cell morphology distribution

3.3 Discussion
The initial objective of my thesis was to generate an endogenous nup211 conditional
mutant. I attempted both site-directed and random mutagenesis methods (Section 2.2) to generate
temperature sensitive mutants. The site-directed mutagenesis approach resulted in a temperature
sensitive mutant strain (nup211-V525A) that was inviable at 40°C. Traditionally, the highest
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temperature used for sensitivity experiments in fission yeast is 37°C and the higher temperature
of 40°C could affect other cellular processes leading to false phenotypes when evaluating
nup211-V525A. The random mutagenesis approach was unsuccessful as well; random mutations
within the nup211 coding sequence using the XL1-Red system did not result in temperature
sensitivity. Ultimately, I employed the shut-off method to successfully generate a conditional
mutant (Figure 9).
Fluorescent microscopy illustrated that Nup211 was localized at the nuclear rim (Figure
8). Nup211 was heavily concentrated at the nuclear rim and within the nucleoplasm in nup211oe cells. This phenotype can explain defects in nuclear pore trafficking if the nuclear face of the
NPC was indeed blocked by ectopic expression and localization of Nup211. In wild-type
conditions, Nup211 is localized where the NPCs are concentrated on the nuclear envelope and
therefore, does not cover the entire nuclear rim of a subset of cells. Further investigation using
time-lapse microscopy to identify the localization of Nup211 throughout the cell cycle would
uncover how Nup211 is arranged in different cell cycle phases.
Analysis of nup211-oe and nup211-so (+T) cells revealed that endogenous levels of
Nup211 are necessary for appropriate cell growth, cell morphology and polarity. The downregulation of Nup211 had an array of severe defects in contrast to nup211-wt and nup211-oe
cells. nup211-oe cells were more elongated; increasing in both length and width in comparison to
wild type cells (Figure 11). nup211-oe cells also grew slower than nup211-wt cells in liquid
media and its larger size could contribute to the reduced growth.
For my domain analysis experiment, the domains of Nup211 are expressed under the
adh1 promoter and thus are also overexpressed. My data state that the overexpression of Nup211
led to elongated cells with multiple septa, however, the overexpression of the Nup211 domains
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under the adh1 promoter did not result in this defect. That could be due to the difference in the
strengths of the adh1 and nmt1 promoters. Also, my data indicated that amino acids 1-1033 is
sufficient to rescue the cell growth defect and consequently is responsible for the essential
function of Nup211. The overexpression of neither the N- nor the C-terminal domain fully
rescued the morphological defects. In fission yeast there are numerous genes that regulate cell
morphology but are not essential for viability, such as sep1 [105]; therefore, certain domains of
Nup211 may be necessary for morphology maintenance but not for viability and vice versa. To
subsidize my domain analysis, I would perform the domain analysis using the nup211
endogenous promoter instead of the adh1 promoter to assess cell growth and morphology rescue
without the confounding effects of overexpression. Furthermore, additional domains such as
different N-terminally truncated mutants will be tested.
These experiments classified the morphological defects that were not described in
previous studies [3]. I determined that nup211-so (+T) cells showed an array of morphological
defects that were representative of aberrant cell morphology and polarity (Figure 12). These
aberrations were similar to the morphology defects of septation initiation network mutants, actin
mutants and cell separation pathway mutants, suggesting that Nup211 may act in these pathways.
Such pleiotrophic function is also consistent with the modular nature of the Nup211 protein.
Further, the mislocalization of Nup211 when overexpressed may titrate some factors that
regulate morphology and/or septation, thus interfering with these processes.
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Chapter IV: Altering the expression of Nup211 has global effects on
Gene Expression
4.1 Introduction
Numerous studies have examined the interaction between the nuclear periphery and
transcriptional silencing. In budding yeast, transcriptional silencing at the silent mating type
locus (HM) is regulated by the recruitment of the chromatin binding SIR (silent information
regulator) complex to the nuclear periphery [106]. The SIR complex consists of four proteins,
Sir1, Sir2, Sir3 and Sir4, that promote transcriptional repression through their interaction with
histones [107]. Specifically, Sir2 acts as a histone deacetylase. The SIR complex anchors the
nuclear periphery through Sir4 interaction with the membrane-associated protein Esc1, which is
localized at the nuclear periphery [108]. Immunolocalization studies in budding yeast have also
indicated that Sir proteins accumulate at the nuclear periphery and are responsible for telomeric
silencing [109]. Studies done in Caenorhabditis elegans, revealed that the integral nuclear
membrane proteins Emerin and Man1 are each able to interact with the chromatin protein BAF1. Through this association, BAF-1 and its associated chromatin are localized to the nuclear
periphery [110]. BAF-1 has been shown to promote a heterochromatin (gene-repressive) state
[111-113].
In addition to the role of the nuclear periphery in gene silencing, nuclear pores have also
been implicated in associating with chromatin and affecting gene expression. These studies
identified that not all tethering of chromatin to the nuclear periphery is associated with gene
repression. Genome-wide analysis of DNA that had been co-immunoprecipitated with individual
components of the nuclear pore complex indicated that transcriptionally active genes are
enriched in the immunoprecipitated fractions in budding yeast [114]. In particular, the Nup2
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component of the nuclear pore complex is responsible for the physical tethering of chromatin to
the nuclear pore basket [115]. Nup2 acts as a docking site for Cse1 [115]. Cse1 is a nuclear
export receptor that binds to various genomic loci within the budding yeast genome [115]. The
Nup2-Cse1 and genomic loci interaction inhibits a heterochromatin state via an unknown
mechanism [115]. Further investigation of the budding yeast NPC identified another nuclear pore
basket protein Mlp1 (the budding yeast homolog of Nup211) that tethers DNA to the nuclear
periphery through its interaction with the adaptor protein complex SAGA [116, 117]. SAGA is a
transcriptional co-activator that harbors two chromatin-modifying activities: a histone acetyl
transferase (Gcn5) and a histone deubiquitinase (Ubp8- Sgf73-Sgf11-Sus1 complex) [118] Both
of these histone modifications are associated with “euchromatin,” where genes can be expressed.
Mlp1 interacts with active genes at the nuclear periphery via its interaction with the SAGA
complex [117]. Taken together, Nup2 and Mlp1 act as anchors for DNA binding components to
the nuclear periphery.
The NPCs observed role in transcriptional activation was also investigated in Drosophila
melanogaster. Nucleoporins Sec13 and Nup98 co-localize with sites of active transcription in an
“off-pore” manner, meaning they are found at these sites, independent of the nuclear pore
complex [119]. Sec13 and Nup98 co-localize with the hyperphosphorylated form of RNA
polymerase II on chromosomes. Knockdown of either Sec13 or Nup98 causes a reduction in
transcriptional activity of genes expressed early in development, suggesting that these
nucleoporins serve to positively regulate gene expression [119]. Additionally, in Drosophila,
Megator (the nup211 homolog) and nucleoporin Nup153 were demonstrated to broadly affect
gene expression. Megator and Nup153 bind to so-called nucleoporin associated regions (NAR)
which occur in gene-rich areas covering approximately 4700 protein coding genes [44]. Nup153
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and Megator can interact with these NARs in an “off-pore” manner and at the nuclear periphery
[44].
In summary, both nuclear membrane proteins and nucleoporins within the nuclear pore
complex can anchor chromatin to the nuclear periphery. In some cases, nucleoporins can
associate with chromatin independently of the nuclear pore complex and away from the nuclear
membrane. Since the budding yeast (Mlp1) and Drosophila (Megator) homologues of fission
yeast nup211 act to influence gene expression, I became interested in determining whether
Nup211 also has this effect. Therefore, I employed RNA-Sequencing to evaluate the gene
expression profiles when Nup211 is either down-regulated or overexpressed.
4.2 Results and Discussion
4.2.1 Nup211 down-regulation has global effects on gene expression
Either down-regulation or overexpression of Nup211 leads to poly-A RNA retention in
the nucleus [2]. Down-regulation or overexpression of nup211 homologs, budding yeast Mlp1
and mammalian Tpr, also result in retention of poly-A RNA within the nucleus [19, 23, 26, 27].
Furthermore, Mlp1/Tpr depletion leads to the leakage of pre-mRNAs, suggesting that Mlp1/Tpr
are responsible for interacting with and retaining intron-containing transcripts within the nucleus
[24, 25, 27]. Therefore, the retention of poly-A RNA when Mlp1/Tpr/Nup211 are overexpressed
might be a result of the accumulation of pre-mRNAs that are being held in the nucleus. An
excess of this protein (Mlp1/Tpr/Nup211) might also disrupt export by sequestering mRNA
export factors in the nucleus.
The mechanism of the retention of transcript within the nucleus when Nup211 is downregulated is less clear. Mlp1 and Tpr are known to bind to export factors Nab2 and Crm1,
respectively [18, 24, 28]. This implies that the loss of Mlp1/Tpr may disrupt the export of
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transcripts that are transported using these export factors. Consequently, the loss of Nup211 may
disrupt the export of transport factors in fission yeast. In the absence of Nup211, these export
factors cannot leave the nucleus and the mRNA - export factor complexes would accumulate
within the nucleus. Taken together, Mlp1/Tpr/Nup211 have two functions: (1) retaining introncontaining transcripts within the nucleus and (2) interacting with export factors to aid in the
transport of mRNA. When too much Mlp1/Tpr/Nup211 is present in a cell, transcripts are
retained in the nucleus due to lack of functional mRNA export factors. When too little
Mlp1/Tpr/Nup211 is present, mRNA-export factor complexes may not be able to exit the
nucleus.
To test these hypotheses, one of my goals was to identify the specific transcripts that
were retained in the nucleus when Nup211 is overexpressed or down-regulated. My hypothesis
was the overexpression of Nup211 leads to an accumulation of intron-containing transcripts and
its down-regulation leads to an accumulation of both intron-containing and intron-less
transcripts. I isolated cytoplasmic and nuclear RNA from nup211-so (+T) and nup211-oe cells to
compare the transcript profile to nup211-wt cytoplasmic and nuclear RNAs. However the
fractionation was not successful and resulted in contaminated fractions, thus the expression
profiles were not dependable.
Given the role nucleoporins, specifically Mlp1 and Megator, play in gene expression, I
focused instead on how altering the expression of Nup211 might influence gene expression.
This was done by isolating total RNA from nup211-wt, nup211-so (+T) and nup211-oe cells
followed by RNA-Sequencing analysis.
Three biological replicates of nup211-wt, nup211- oe and nup211-so (+T) total RNA
were prepared (Materials and Methods). The gene expression analysis was performed in a
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LINUX computing environment using the TUXEDO bioinformatics pipeline. For each RNA
sample,

the

TOPHAT

program

aligned
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RNA-Seq

reads

to
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genome
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Schizosaccharomyces pombe strain 972h. The CUFFLINK program assembled RNA-Seq reads
into a single transcriptome. The CUFFMERGE program created a merged transcriptome by
combining all RNA samples. The CUFFDIFF program identified differentially expressed genes
between nup211-wt and nup211-so (+T) as well as nup211-wt and nup211-oe. Drs. Weigang Qiu
and Lia Di performed the computational accumulation of RNA-sequencing data and we
established the threshold of log2 > 2 and log2 < -2 as significant.
After surveying the nup211-wt versus the nup211-so (+T) profile, I determined that the
expressions of 1227 genes had altered expression. The down-regulation of Nup211 caused a
decrease in expression of 671 genes at log2< -2 and an increase in expression of 551 genes at
log2>2. In nup211-oe cells, the expressions of 1027 genes were altered. The overexpression of
Nup211 led to a decrease in expression of 582 genes at log2< -2 and an increase in expression of
445 genes at log2>2. I subdivided the genes that were altered into four major functional
categories. These categories were: ribosomal, histones, RNA and DNA regulators, and cell cycle
regulator components (Tables 4-10 for nup211-so (+T) cells and Tables 11-17 for nup211-oe
cells).
The expression profiles of nup211-so (+T) and nup211-oe were different; meaning the
overall genes that were altered in expression when Nup211 was overexpressed were generally
different from the genes that were altered in expression when Nup211 was down-regulated. The
genes affected were a combination of intron-containing and intron-less genes, which indicates
that altering the expression of Nup211 does not only affect the expression of intron-containing
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transcripts. This is important to note because the Nup211 homologues, Mlp1 and Tpr, are known
for retaining intron-containing transcripts within the nucleus [24, 27]
Theoretically, if Nup211 positively activates a particular gene, in nup211-so (+T) cells
there would be a decrease in expression of that gene, but when you overexpress Nup211, the
expression would increase. Under the threshold of log2 >2 and log2< -2 significance, there were
no genes that showed that pattern. Conversely if Nup211 negatively regulates the expression of a
gene, in nup211-so (+T) cells, there would be an increase in expression of that gene.
Approximately 0.3% of the genes fit this description. Specifically, dihydroxyacetone kinase dak2
and glyceraldehyde 3-phosphate dehydrogenas gpd3 were both up-regulated in nup211-so (+T)
cells but down-regulated when Nup211 was overexpressed. Roughly 7% of the total genes had
the same expression pattern in both nup211-so (+T) and nup211-oe cells. Examples were the
40S and 60S ribosomal units that were both down-regulated in nup211-so (+T) and nup211-oe
cells along with several cell cycle genes (mis13, tdh1, wee1 and sep11) that were either upregulated or down-regulated in both samples. The remaining 93% of total genes affected (53%
up, 40% down) in nup211-so (+T) cells were unchanged in nup211-oe cells.
If Nup211 has a similar function like its Drosophila (Megator) and budding yeast (Mlp1)
homologues and localizes or interacts with chromatin to affect gene expression, the downregulation and overexpression of Nup211 would be expected to have a global effect on gene
expression as was discovered here. If Nup211, like Megator, interacts with a multitude of DNA
regions associated with protein-coding genes, or, like MlpI serves to tether chromatin to the
nuclear membrane, loss of Nup211 could cause broad changes in the localization of chromosome
regions within the nucleus, thereby leading to the broad changes in gene expression profile seen
in nup211-so (+T) cells. Overexpression of Nup211 may not disturb the naturally-occurring
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chromatin-localizing properties of this protein (Nup211), but it may result in ectopic interactions,
thereby leading to a different gene expression profile compared to the loss of Nup211.
Importantly, the down-regulation of Nup211 in fission yeast is lethal whereas its
overexpression is not. We more closely examined the differences in gene expression profiles in
nup211-so (+T) vs nup211-oe to see if they could provide insights into the essential pathways
Nup211 in which Nup211 was involved. Chapters 5 and 6 will explore how the down-regulation
of Nup211 affects the cell separation pathway and actin dynamics with respect to gene
expression.

Table 4: Expression of 40S ribosomal unit genes in nup211-so (+T) cells

	
  

Systematic Name

Gene Name

Gene Product

SPBC685.06

rps001

40S ribosomal protein S0A (p40)

Log2 Fold
Change
-1.08

SPAPJ698.02c

rps002

40S ribosomal protein S0B

-1.20

SPBP22H7.08

rps1002

40S ribosomal protein S10

-1.45

SPAC31G5.03

rps1101

40S ribosomal protein S11

-1.71

SPAC144.11

rps1102

40S ribosomal protein S11

-1.36

SPCC962.04

rps1201

40S ribosomal protein S12

-2.11

SPBC1685.02c

rps1202

40S ribosomal protein S12

-1.85

SPAC6F6.07c

rps13

40S ribosomal protein S13

-1.80

SPBC18H10.13

rps1402

40S ribosomal protein S14

-2.72

SPCC1393.03

rps1501

40S ribosomal protein S15

-1.17

SPAC22A12.04c

rps2201

40S ribosomal protein S15a

-1.91

SPAC664.04c

rps1602

40S ribosomal protein S16

-1.39
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Table 4: Expression of 40S ribosomal unit genes in nup211-so (+T) cells
(continued)

	
  

Systematic Name

Gene Name

Gene Product

SPBC18H10.14

rps1601

40S ribosomal protein S16

Log2 Fold
Change
-1.02

SPCC24B10.09

rps1702

40S ribosomal protein S17

-1.31

SPBC839.05c

rps1701

40S ribosomal protein S17

-1.12

SPCC1259.01c

rps1802

40S ribosomal protein S18

-1.70

SPBC16D10.11c

rps1801

40S ribosomal protein S18

-1.52

SPBC21C3.13

rps1901

40S ribosomal protein S19

-1.44

SPCC576.08c

rps2

40S ribosomal protein S2

-1.11

SPCC576.09

rps20

40S ribosomal protein S20

-2.11

SPBC18E5.06

rps21

40S ribosomal protein S21

-1.72

SPAC23C11.02c

rps23

40S ribosomal protein S23

-1.31

SPBC17G9.07

rps2402

40S ribosomal protein S24

-1.89

SPAC17G6.06

rps2401

40S ribosomal protein S24

-1.52

SPBC3D6.15

rps2501

40S ribosomal protein S25

-1.76

SPAC694.05c

rps2502

40S ribosomal protein S25

-1.68

SPAC1805.11c

rps2602

40S ribosomal protein S26

-1.78

SPAC806.03c

rps2601

40S ribosomal protein S26

-1.39

SPBC1685.10

rps27

40S ribosomal protein S27

-1.38

SPAC25G10.06

rps2801

40S ribosomal protein S28

-2.44

SPCC285.15c

rps2802

40S ribosomal protein S28

-2.03

SPBC1685.09

rps29

40S ribosomal protein S29

-1.91

SPBC19G7.03c

rps3002

40S ribosomal protein S30

-1.23

SPAC13G6.02c

rps101

40S ribosomal protein S3a

-1.15

SPAC22H12.04c

rps102

40S ribosomal protein S3a

-1.33

SPAC959.07

rps403

40S ribosomal protein S4

-2.08

SPBC19F8.08

rps401

40S ribosomal protein S4

-1.28

SPAC8C9.08

rps5

40S ribosomal protein S5

-1.63

SPAC328.10c

rps502

40S ribosomal protein S5

-1.29

SPAPB1E7.12

rps602

40S ribosomal protein S6

-1.06

SPAC18G6.14c

rps7

40S ribosomal protein S7

-1.03

SPAC2C4.16c

rps801

40S ribosomal protein S8

-1.31

SPAC24H6.07

rps901

40S ribosomal protein S9

-1.76
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Table 5: Expression of 60S ribosomal genes in nup211-so (+T) cells

	
  

Systematic Name

Gene Name

Gene Product

SPBP8B7.06

rpp201

60S acidic ribosomal protein P2A subunit

Log2 Fold
Change
-2.10

SPBC23G7.15c

rpp202

60S acidic ribosomal protein P2B subunit

-2.38

SPAC1071.08

rpp203

60S acidic ribosomal protein P2C subunit

-1.41

SPAC644.15

rpp101

60S acidic ribosomal protein Rpp1-1

-1.39

SPCP1E11.09c

rpp103

60S acidic ribosomal protein Rpp1-3

-1.37

SPAP7G5.05

rpl1002

60S ribosomal protein L10

-1.64

SPCC1183.08c

rpl101

60S ribosomal protein L10a

-1.37

SPBC30D10.18c

rpl102

60S ribosomal protein L10a

-1.11

SPBC17G9.10

rpl1102

60S ribosomal protein L11

-1.23

SPCC31H12.04c

rpl1202

60S ribosomal protein L12.1/L12A

-1.94

SPAC664.05

rpl13

60S ribosomal protein L13

-1.56

SPBC839.13c

rpl1601

60S ribosomal protein L13/L16

-1.93

SPBC2G2.05

rpl1603

60S ribosomal protein L13/L16

-1.60

SPAC23A1.11

rpl1602

60S ribosomal protein L13/L16

-1.26

SPAC1805.13

rpl14

60S ribosomal protein L14

-1.61

SPAC1783.08c

rpl1502

60S ribosomal protein L15b

-1.79

SPBC2F12.04

rpl1701

60S ribosomal protein L17

-1.66

SPCC364.03

rpl1702

60S ribosomal protein L17

-1.61

SPBC11C11.07

rpl1801

60S ribosomal protein L18

-1.60

SPCC1682.14

rpl1902

60S ribosomal protein L19

-1.23

SPBC56F2.02

rpl1901

60S ribosomal protein L19

-1.22

SPAC26A3.04

rpl2002

60S ribosomal protein L20

-1.42

SPAC3A12.10

rpl2001

60S ribosomal protein L20a

-1.23

SPBC365.03c

rpl2101

60S ribosomal protein L21

-1.79

SPAC959.08

rpl2102

60S ribosomal protein L21

-1.73

SPAC11E3.15

rpl22

60S ribosomal protein L22

-1.37

SPCC1322.11

rpl2302

60S ribosomal protein L23

-1.92

SPCC330.14c

rpl2402

60S ribosomal protein L24

-1.72

SPAC6G9.09c

rpl2401

60S ribosomal protein L24

-1.47

SPBC4F6.04

rpl2502

60S ribosomal protein L25

-1.88

SPBC106.18

rpl2501

60S ribosomal protein L25

-1.59

SPBC29B5.03c

rpl26

60S ribosomal protein L26

-1.26

SPBC685.07c

rpl2701

60S ribosomal protein L27

-1.76

SPCC74.05

rpl2702

60S ribosomal protein L27

-2.51

SPCC5E4.07

rpl2802

60S ribosomal protein L27/L28

-1.58

SPBC776.11

rpl2801

60S ribosomal protein L27/L28

-1.46
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Table 5: Expression of 60S ribosomal genes in nup211-so (+T) cells
(continued)

	
  

Systematic Name

Gene Name

Gene Product

SPAC1687.06c

rpl44

60S ribosomal protein L28/L44

Log2 Fold
Change
-1.82

SPBC776.01

rpl29

60S ribosomal protein L29

-1.67

SPAPB8E5.06c

rpl302

60S ribosomal protein L3

-1.10

SPAC9G1.03c

rpl3001

60S ribosomal protein L30

-1.64

SPAC890.08

rpl31

60S ribosomal protein L31

-1.75

SPBC16C6.11

rpl3201

60S ribosomal protein L32

-1.56

SPAC3H5.10

rpl3202

60S ribosomal protein L32

-1.31

SPAC23A1.08c

rpl3401

60S ribosomal protein L34

-1.50

SPCC613.05c

rpl35

60S ribosomal protein L35

-1.52

SPCP31B10.08c

rpl35a

60S ribosomal protein L35a

-1.56

SPBC405.07

rpl3602

60S ribosomal protein L36

-1.36

SPCC970.05

rpl3601

60S ribosomal protein L36

-1.34

SPAC15E1.03

rpl42

60S ribosomal protein L36/L42

-1.64

SPAPB17E12.05

rpl3703

60S ribosomal protein L37

-2.11

SPCC1223.05c

rpl3702

60S ribosomal protein L37

-1.68

SPBC800.04c

rpl4301

60S ribosomal protein L37a

-2.73

SPBC83.02c

rpl4302

60S ribosomal protein L37a

-1.57

SPAC30D11.12

rpl3802

60S ribosomal protein L38

-2.31

SPBC577.02

rpl3801

60S ribosomal protein L38

-2.19

SPCC663.04

rpl39

60S ribosomal protein L39

-1.98

SPBP8B7.03c

rpl402

60S ribosomal protein L4

-1.38

SPAC3G6.13c

rpl4101

60S ribosomal protein L41

-2.12

SPAC3F10.18c

rpl4102

60S ribosomal protein L41

-2.06

SPCC622.18

rpl6

60S ribosomal protein L6

-1.03

SPBC18H10.12c

rpl701

60S ribosomal protein L7

-1.03

SPBC29A3.04

rpl8

60S ribosomal protein L7a/L8

-1.53

SPBC839.04

rpl803

60S ribosomal protein L8

-1.94

SPAC1F7.13c

rpl801

60S ribosomal protein L8

-1.68
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Table 6: Expression of DNA/RNA regulatory genes and binding partners that
decrease in nup211-so (+T) cells
Systematic Name

Gene Name

Gene Product

SPAC23C11.10

mpn1

RNA processing protein

SPBC14C8.12

rpb8

DNA-directed RNA polymerase I, II and III
subunit Rpb8
DNA polymerase epsilon Dpb3 (predicted)

-1.98

-1.64

SPCC16C4.22

	
  

Log2 Fold
Change
-2.01

-1.91

SPCC794.09c

ef1a-a

SPBC3B9.07c

rpa43

SPBC336.10c

tif512

translation elongation factor EF-1 alpha
Ef1a-a
DNA-directed RNA polymerase I complex
subunit Rpa43
translation elongation factor eIF5A

SPCC645.08c

snd1

RNA-binding protein Snd1

-1.46

SPBC4F6.15c

swi10

DNA repair endonuclease Swi10

-1.41

SPAPYUG7.04c

rpb9

-1.41

SPCC1450.04

tef5

SPCC830.07c

psi1

SPAC22H10.03c

kap114

DNA-directed RNA polymerase II complex
subunit Rpb9
translation elongation factor EF-1 beta
subunit (eEF1B)
DNAJ domain protein, involved in
translation initiation Psi1
karyopherin Kap14

SPBC725.17c

rrn11

-1.26

SPCC23B6.05c

ssb3

RNA polymerase I transcription factor
subunit Rrn11
DNA replication factor A subunit Ssb3

SPBC30D10.04

swi3

-1.20

SPBC12D12.02c

cdm1

replication fork protection complex subunit
Swi3
DNA polymerase delta subunit Cdm1

SPAC26H5.10c

tif51

translation elongation factor eIF5A

-1.06

SPAC16E8.15

tif45

translation initiation factor eIF4E, 4F
complex subunit

-1.06

-1.64
-1.49

-1.40
-1.35
-1.33

-1.24

-1.11
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Table 7: Expression of DNA/RNA regulatory genes and binding partners that
increase in nup211-so (+T) cells
Systematic Name

Gene Name

Gene Product

Log2 Fold
Change

SPAC9.13c

cwf16

splicing factor Cwf16

1.02

SPCC1183.05c

lig4

DNA ligase Lig4

1.04

SPAC3A12.11c

cwf2

1.09

SPAC2F3.03c

rpa49

SPAC14C4.06c

-

RNA-binding protein Cwf2
DNA-directed RNA polymerase I complex
subunit Rpa49
poly(A) binding protein Nab2

SPAC2F3.14c

saf2

1.19

SPBC1921.03c

mex67

SPCC1840.03

sal3

splicing associated factor Saf2
mRNA export receptor, Tap, nucleoporin
Mex67
karyopherin Sal3

SPCC663.11

saf1

1.45

SPBP23A10.14c

ell1

SPAC23A1.16c

rtr1

splicing associated factor Saf1
RNA polymerase II transcription elongation
factor SpELL
RNA polymerase II CTD phosphatase Rtr1

1.13
1.14

1.23
1.38

1.70
1.74

Table 8: Expression of histone genes and histone binding partners in
nup211-so (+T) cells

	
  

Systematic Name

Gene Name

Gene Product

SPBC1105.12

hhf3

histone H4 h4.3

Log2 Fold
Change
-2.64

SPAC1834.03c

hhf1

histone H4 h4.1

-2.57

SPAC1834.04

hht1

histone H3 h3.1

-1.96

SPAC16C9.05

cph1

-1.09

SPBC36.05c

clr6

Clr6 histone deacetylase associated PHD
protein-1 Cph1
histone deacetylase (class I) Clr6

SPAC17G8.13c

mst2

histone acetyltransferase Mst2

1.15

SPBC800.13

cnp20

histone H4 variant, CENP-T ortholog

1.19

SPBC947.08c

hip4

histone promoter control protein Hip4

1.22

SPBC1685.08

cti6

histone deacetylase complex subunit Cti6

1.91

SPAC22E12.11c

set3

histone lysine methyltransferase Set3

2.17

-1.08
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Table 9: Gene expression of cell cycle genes that decrease in expression in
nup211-so (+T) cells

	
  

Systematic Name

Gene Name

Gene Product

SPAC23H4.11c

cnl2

centromere localized protein Cnl2

Log2 Fold
Change
-3.48

SPAC5D6.05

sep11/med18

mediator complex subunit Pmc6

-2.42

SPAC6G10.12c

ace2

transcription factor Ace2

-2.35

SPAC22H10.10

alp21

tubulin specific chaperone cofactor E

-2.08

SPBC947.04

pfl3

-1.94

SPBC839.07

ibp1

cell surface glycoprotein (predicted),
DIPSY family
Cdc25 family phosphatase Ibp1

SPBPJ4664.02

-

cell surface glycoprotein (predicted)

-1.85

SPBC1709.12

rid1

GTPase binding protein Rid1 (predicted)

-1.66

SPBC3E7.12c

cfh4

chitin synthase regulatory factor Cfh4

-1.65

SPBC3B9.22c

dad4

DASH complex subunit Dad4

-1.55

SPAC19G12.16c

adg2

conserved fungal protein Adg2

-1.54

SPCC622.12c

gdh1

-1.47

SPAPB2C8.01

-

SPAC10F6.09c

psm3

NADP-specific glutamate dehydrogenase
Gdh1
cell surface glycoprotein, adhesion
molecule
mitotic cohesin complex subunit Psm3

SPAC20G4.06c

adf1

actin depolymerizing factor, cofilin

-1.40

SPAC24B11.11c

sid2

NDR kinase Sid2

-1.40

SPBC16A3.15c

nda2

tubulin alpha 1

-1.29

SPAPYUG7.03c

mid2

medial ring protein Mid2

-1.29

SPAC1952.16

rga9

-1.18

SPCC18.01c

adg3

RhoGAP, GTPase activator towards
Rho/Rac/Cdc42-like small GTPases
beta-glucosidase Adg3 (predicted)

SPBC12D12.06

srb11

cyclin CycC, Srb mediator subunit Srb11

-1.08

SPAC24C9.15c

spn5

septin Spn5

-1.07

SPAC1093.06c

dhc1

dynein heavy chain Dhc1

-1.06

SPBC32H8.12c

act1

actin Act1

-1.06

SPAC4A8.15c

cdc3

profilin

-1.05

SPBC20F10.06

mad2

spindle checkpoint protein Mad2

-1.04

SPAP8A3.08

cdc4

myosin II light chain

-1.04

SPAC664.02c

arp8

-1.02

SPCC1281.01

ags1

actin-like protein, Ino80 complex subunit
Arp8
alpha-1,4-glucan synthase Ags1

SPAPB1E7.04c

-

chitinase (predicted)

-1.01

SPAPJ760.03c

adg1

sequence orphan

-3.38

SPAC14C4.09

agn1

glucan endo-1,3-alpha-glucosidase Agn1

-2.40

-1.89

-1.42
-1.42

-1.11

-1.01
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Table 10: Gene expression of cell cycle genes that increase in expression
in nup211-so (+T) cells

	
  

Systematic Name

Gene Name

Gene Product

Log2 Fold
Change
1.01

SPAC1006.06

rgf2

RhoGEF Rgf2

SPAC25G10.09c

pan1

1.12

SPBC1198.07c

-

SPBP22H7.03

-

SPAC26A3.09c

rga2

SPAC20H4.11c

rho5

actin cortical patch component, with EF
hand and WH2 motif Panl (predicted)
mannan endo-1,6-alpha-mannosidase
(predicted)
beta-glucan synthesis-associated protein
(predicted)
Rho-type GTPase activating protein Rga2
(predicted)
Rho family GTPase Rho5

SPBC409.09c

mis13

kinetochore protein Mis13

1.22

SPBC146.01

med15

mediator complex subunit Med15

1.23

SPBC8D2.05c

sfi1

spindle pole body protein Sfi1

1.26

SPBC359.04c

pfl7

cell surface glycoprotein, DIPSY family

1.29

SPAC3C7.05c

mug191

alpha-1,6- mannanase (predicted)

1.33

SPAC1F7.04

rho1

Rho family GTPase Rho1

1.34

SPAC19G12.03

cda1

chitin deacetylase Cda1

1.35

SPBC21.04

med8

mediator complex subunit Med8

1.49

SPBC23G7.08c

rga7

Rho-type GTPase activating protein Rga7

1.49

SPBC19C7.05

-

cell wall organization protein (predicted)

1.54

SPBC19G7.05c

bgs1

1.64

SPBC29A3.17

gef3

1,3-beta-glucan synthase catalytic subunit
Bgs1
RhoGEF Gef3

SPBC3D6.04c

mad1

mitotic spindle checkpoint protein Mad1

1.69

SPBC354.13

rga6

1.69

SPAC1142.08

fhl1

Rho-type GTPase activating protein Rga6
(predicted)
forkhead transcription factor Fhl1

SPBC21D10.06c

map4

cell surface agglutination protein Map4

1.74

SPBC12C2.08

dnm1

dynamin Dnm1

1.77

SPBC19F8.07

mcs6

1.77

SPAC27F1.04c

nuf2

cyclin-dependent protein kinase/CDKactivating kinase Mcs6
spindle pole body protein Nuf2

SPBC17F3.01c

rga5

Rho-type GTPase activating protein Rga5

2.94

SPBC32F12.11

tdh1

glyceraldehyde-3-phosphate dehydrogenase
Tdh1

11.92

1.15
1.16
1.19
1.19

1.68

1.71

2.17
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Table 11: Expression of 40S ribosomal unit genes in nup211-oe cells

	
  

Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPBC18H10.13

rps1402

40S ribosomal protein S14

-2.50

SPAC6F6.07c

rps13

40S ribosomal protein S13

-2.09

SPAC25G10.06

rps2801

40S ribosomal protein S28

-2.07

SPCC962.04

rps1201

40S ribosomal protein S12

-1.98

SPCC1259.01c

rps1802

40S ribosomal protein S18

-1.95

SPCC576.09

rps20

40S ribosomal protein S20

-1.92

SPAC1071.07c

rps1502

40S ribosomal protein S15

-1.83

SPBC19F8.08

rps401

40S ribosomal protein S4

-1.81

SPBC17G9.07

rps2402

40S ribosomal protein S24

-1.80

SPBC1685.09

rps29

40S ribosomal protein S29

-1.72

SPBC21C3.13

rps1901

40S ribosomal protein S19

-1.70

SPBC685.06

rps001

40S ribosomal protein S0A (p40)

-1.69

SPAC22A12.04c

rps2201

40S ribosomal protein S15a

-1.66

SPAC959.07

rps403

40S ribosomal protein S4

-1.61

SPBC3D6.15

rps2501

40S ribosomal protein S25

-1.58

SPBC1685.10

rps27

40S ribosomal protein S27

-1.56

SPCC285.15c

rps2802

40S ribosomal protein S28, Rps2802

-1.56

SPAC31G5.03

rps1101

40S ribosomal protein S11

-1.55

SPAC24H6.07

rps901

40S ribosomal protein S9

-1.52

SPBC16D10.11c

rps1801

40S ribosomal protein S18

-1.51

SPAC2C4.16c

rps801

40S ribosomal protein S8

-1.50

SPBC1685.02c

rps1202

40S ribosomal protein S12

-1.50

SPBP22H7.08

rps1002

40S ribosomal protein S10

-1.45

SPAC328.10c

rps502

40S ribosomal protein S5

-1.41

SPAC8C9.08

rps5

40S ribosomal protein S5

-1.30

SPAPB1E7.12

rps602

40S ribosomal protein S6

-1.29

SPBC18E5.06

rps21

40S ribosomal protein S21

-1.27

SPAC694.05c

rps2502

40S ribosomal protein S25 (predicted)

-1.26

SPAC17G6.06

rps2401

40S ribosomal protein S24 (predicted)

-1.26

SPCC24B10.09

rps1702

40S ribosomal protein S17

-1.25

SPAC1805.11c

rps2602

40S ribosomal protein S26

-1.24

SPBC18H10.14

rps1601

40S ribosomal protein S16

-1.24

SPCC1393.03

rps1501

40S ribosomal protein S15

-1.23

SPCC576.08c

rps2

40S ribosomal protein S2

-1.22

SPAC664.04c

rps1602

40S ribosomal protein S16

-1.19

SPAC23C11.02c

rps23

40S ribosomal protein S23

-1.18
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Table 11: Expression of 40S ribosomal unit genes in nup211-oe cells
(continued)
Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPBC16G5.14c

rps3

40S ribosomal protein S3

-1.17

SPAC144.11

rps1102

40S ribosomal protein S11

-1.17

SPBC839.05c

rps1701

40S ribosomal protein S17

-1.15

SPAC806.03c

rps2601

40S ribosomal protein S26

-1.14

SPAC22H12.04c

rps102

40S ribosomal protein S3a

-1.09

SPAC18G6.14c

rps7

40S ribosomal protein S7

-1.06

SPBC19G7.03c

rps3002

40S ribosomal protein S30

-1.03

SPAPJ698.02c

rps002

40S ribosomal protein S0B

-1.00

Table 12: Expression of 60S ribosomal genes in nup211-oe cells

	
  

Gene Product

Log2 Fold
Change

Systemic Name

Gene Name

SPBP8B7.06

rpp201

SPBC839.04

rpl803

60S acidic ribosomal protein P2A subunit
(predicted)
60S ribosomal protein L8

SPAC1783.08c

rpl1502

60S ribosomal protein L15b

-2.12

SPBC839.13c

rpl1601

60S ribosomal protein L13/L16

-2.10

SPBC23G7.15c

rpp202

60S acidic ribosomal protein P2B subunit

-2.05

SPBC800.04c

rpl4301

60S ribosomal protein L37a

-2.04

SPCC1322.11

rpl2302

60S ribosomal protein L23

-2.01

SPBC365.03c

rpl2101

60S ribosomal protein L21

-1.97

SPBC3B9.13c

rpp102

60S acidic ribosomal protein Rpp1-2

-1.94

SPBC106.18

rpl2501

60S ribosomal protein L25

-1.88

SPBC11C11.07

rpl1801

60S ribosomal protein L18

-1.88

SPBC577.02

rpl3801

60S ribosomal protein L38

-1.83

SPBC16C6.11

rpl3201

60S ribosomal protein L32

-1.75

SPBC2F12.04

rpl1701

60S ribosomal protein L17

-1.73

SPBC29A3.04

rpl8

60S ribosomal protein L7a/L8

-1.73

SPAC30D11.12

rpl3802

60S ribosomal protein L38

-1.68

SPBC685.07c

rpl2701

60S ribosomal protein L27

-1.67

SPAC4G9.16c

rpl901

60S ribosomal protein L9

-1.65

SPAC1F7.13c

rpl801

60S ribosomal protein L8

-1.65

SPCC1183.08c

rpl101

60S ribosomal protein L10a

-1.63

SPBC2F12.07c

rpl802

60S ribosomal protein L8

-1.63

-2.01
-2.24
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Table 12: Expression of 60S ribosomal genes in nup211-oe cells
(continued)

	
  

Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPAP7G5.05

rpl1002

60S ribosomal protein L10

-1.59

SPAC23A1.11

rpl1602

60S ribosomal protein L13/L16

-1.59

SPAPB17E12.05

rpl3703

60S ribosomal protein L37

-1.59

SPCC330.14c

rpl2402

60S ribosomal protein L24

-1.58

SPBC18E5.04

rpl1001

60S ribosomal protein L10

-1.54

SPAC959.08

rpl2102

60S ribosomal protein L21

-1.52

SPCC5E4.07

rpl2802

60S ribosomal protein L27/L28

-1.51

SPAC1687.06c

rpl44

60S ribosomal protein L28/L44

-1.49

SPBC2G2.05

rpl1603

60S ribosomal protein L13/L16

-1.49

SPCP31B10.08c

rpl35a

60S ribosomal protein L35a

-1.48

SPBP8B7.03c

rpl402

60S ribosomal protein L4

-1.47

SPAC890.08

rpl31

60S ribosomal protein L31

-1.47

SPBC83.02c

rpl4302

60S ribosomal protein L37a

-1.45

SPAC6G9.09c

rpl2401

60S ribosomal protein L24

-1.44

SPCC1223.05c

rpl3702

60S ribosomal protein L37

-1.44

SPCC74.05

rpl2702

60S ribosomal protein L27

-1.44

SPCC613.05c

rpl35

60S ribosomal protein L35

-1.41

SPAC3A12.10

rpl2001

60S ribosomal protein L20a

-1.40

SPBC4F6.04

rpl2502

60S ribosomal protein L25

-1.39

SPAPB8E5.06c

rpl302

60S ribosomal protein L3

-1.36

SPAC3H5.07

rpl702

60S ribosomal protein L7

-1.33

SPCC576.11

rpl15

60S ribosomal protein L15 (predicted)

-1.32

SPAC26A3.04

rpl2002

60S ribosomal protein L20

-1.31

SPBC30D10.18c

rpl102

60S ribosomal protein L10a

-1.30

SPBC405.07

rpl3602

60S ribosomal protein L36

-1.28

SPBC1921.01c

rpl35b

60S ribosomal protein L35a

-1.26

SPCC31H12.04c

rpl1202

60S ribosomal protein L12.1/L12A

-1.24

SPAC15E1.03

rpl42

60S ribosomal protein L36/L42

-1.23

SPBC56F2.02

rpl1901

60S ribosomal protein L19

-1.23

SPBC11C11.09c

rpl502

60S ribosomal protein L5

-1.23

SPBC11C11.09c

rpl502

60S ribosomal protein L5

-1.23

SPCC622.18

rpl6

60S ribosomal protein L6

-1.21

SPCC18.14c

rpp0

60S acidic ribosomal protein Rpp0

-1.18

SPCC613.06

rpl902

60S ribosomal protein L9

-1.18

SPAC664.05

rpl13

60S ribosomal protein L13

-1.17
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Table 12: Expression of 60S ribosomal genes in nup211-oe cells
(continued)
Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPAC3G6.13c

rpl4101

60S ribosomal protein L41

-1.14

SPAC3H5.12c

rpl501

60S ribosomal protein L5

-1.12

SPAC3H5.10

rpl3202

60S ribosomal protein L32

-1.12

SPAC23A1.08c

rpl3401

60S ribosomal protein L34

-1.12

SPAC1805.13

rpl14

60S ribosomal protein L14

-1.12

SPAC3G9.03

rpl2301

60S ribosomal protein L23

-1.06

SPCC1682.14

rpl1902

60S ribosomal protein L19

-1.06

SPAC17A5.03

rpl301

60S ribosomal protein L3

-1.05

SPBC776.01

rpl29

60S ribosomal protein L29

-1.05

SPAC11E3.15

rpl22

60S ribosomal protein L22

-1.04

SPAC26A3.07c

rpl1101

60S ribosomal protein L11

-1.03

SPBC17G9.10

rpl1102

60S ribosomal protein L11

-1.02

SPBC776.11

rpl2801

60S ribosomal protein L27/L28

-1.00

Table 13: Expression of DNA/RNA regulatory genes and binding partners
that decrease in nup211-oe cells

	
  

Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPCC794.09c

ef1a-a

translation elongation factor EF-1 alpha

-1.92

SPBC31F10.12

tma20

RNA-binding protein Tma20

-1.50

SPAC17A2.09c

csx1

RNA-binding protein Csx1

-1.50

SPBC725.11c

php2

-1.47

SPBC3B9.07c

rpa43

SPBC336.10c

tif512

CCAAT-binding factor complex subunit
DNA-directed RNA polymerase I complex
subunit Rpa43
translation elongation factor eIF5A

SPAC10F6.06

vip1

RNA-binding protein Vip1

-1.18

SPBC23E6.01c

cxr1

-1.17

SPCC1450.04

tef5

SPAC15F9.03c

nxt2

mRNA processing factor
translation elongation factor EF-1 beta
subunit (eEF1B)
nuclear transport factor Nxt2

SPCP31B10.07

eft202

-1.12

SPAC1687.01

rpc19

SPAC22H10.03c

kap114

translation elongation factor 2 (EF-2) Eft2,B
DNA-directed RNA polymerase I and III
subunit
karyopherin Kap14

-1.46
-1.38

-1.13
-1.12

-1.02
-1.00
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Table 14: Expression of DNA/RNA regulatory genes and binding partners
that increase in nup211-oe cells

	
  

Gene Product

Log2 Fold
Change

Systemic Name

Gene Name

SPAPB1E7.03

rpc82

SPBC1A4.03c

top2

DNA-directed RNA polymerase III complex
subunit
DNA topoisomerase II

SPCC188.11

prp45

splicing factor Prp45

1.06

SPAC22E12.07

rna1

Ran GAP Rna1

1.07

SPAC6B12.02c

mus7

DNA repair protein Mus7/Mms22

1.07

SPBC336.03

efc25

Ras1 guanyl-nucleotide exchange factor

1.07

SPAC2C4.11c

rbp28

1.11

SPCC11E10.07c

-

SPAC27E2.05

cdc1

RNA-binding protein Rbp28
translation initiation factor eIF2B alpha
subunit
DNA polymerase delta small subunit Cdc1

SPCC1281.02c

spf30

splicing factor Spf30

1.29

SPAC1782.03

saf3

splicing associated factor Saf3

1.45

SPCC1840.03

sal3

1.46

SPAC2F3.03c

rpa49

SPCC4G3.10c

rhp42

karyopherin Sal3
DNA-directed RNA polymerase I complex
subunit
DNA repair protein Rhp42

1.01
1.05

1.20
1.20

1.57
2.21
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Table 15: Expression of histone genes and histone binding partners in
nup211-oe cells

	
  

Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPAC1834.03c

hhf1

histone H4 h4.1

-2.07

SPBC1105.12

hhf3

histone H4 h4.3

-1.59

SPBC1105.11c

hht3

histone H3 h3.3

-1.09

SPCC306.04c

set1

1.04

SPAC1952.05

gcn5

SPAC29A4.20

elp3

SPBC1685.08

cti6

SPCC1739.05

set5

SPBC800.13

cnp20

SPCC830.05c

epl1

SPBC83.07

jmj3

SPBC14F5.12c

cbh2

histone lysine methyltransferase Set1
SAGA complex histone acetyltransferase
catalytic subunit Gcn5
elongator complex, histone acetyltransferase
subunit Elp3
histone deacetylase complex subunit Cti6
histone lysine methyltransferase Set5
(predicted)
histone H4 variant, CENP-T ortholog
NuA4 histone acetyltransferase complex
Epl1
Lid2 complex subunit, histone demethylase
H3-K36 specific Jmj3
CENP-B homolog Cbh2

SPAC1142.03c

swi2

Swi5 complex subunit Swi2

1.56

SPAC18G6.02c

chp1

chromodomain protein Chp1

1.79

SPAC1B3.17

clr2

chromatin silencing protein Clr2

2.11

1.06
1.06
1.08
1.19
1.25
1.29
1.30
1.55
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Table 16: Gene expression of cell cycle genes that decrease in expression in
nup211-oe cells

	
  

Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPAPB24D3.10c

agl1

alpha-glucosidase Agl1

-4.83

SPAC22A12.11

dak1

-2.91

SPBC354.12

gpd3

SPBC32C12.02

ste11

dihydroxyacetone kinase Dak1
glyceraldehyde 3-phosphate dehydrogenase
Gpd3
transcription factor Ste11

SPAC11E3.06

map1

MADS-box transcription factor Map1

-2.15

SPCP31B10.06

mug190

C2 domain protein

-2.01

SPAC22A12.15c

bip1

ER heat shock protein BiP

-1.99

SPAC1565.04c

ste4

-1.91

SPAC458.06

-

SPBC215.05

gpd1

adaptor protein Ste4
WD repeat protein involved in autophagy
Atg18c
glycerol-3-phosphate dehydrogenase Gpd1

SPAPB2C8.01

-

cell surface glycoprotein, adhesion molecule

-1.70

SPBC1685.13

fhn1

Fhn1 plasma membrane organization protein

-1.66

SPAC5D6.05

sep11

mediator complex subunit Pmc6

-1.60

SPAC23E2.03c

ste7

meiotic suppressor protein Ste7

-1.59

SPCC1322.08

srk1

-1.54

SPAC9G1.05

-

SPAC3C7.05c

mug191

MAPK-activated protein kinase Srk1
actin cortical patch component Aip1
(predicted)
alpha-1,6- mannanase (predicted)

SPAC13C5.06c

mug121

sequence orphan

-1.39

SPBC1778.06c

fim1

fimbrin

-1.35

SPAC20G4.06c

adf1

actin depolymerizing factor, cofilin

-1.29

SPBC106.08c

mug2

cell surface glycoprotein, adhesion molecule

-1.28

SPBC2D10.05

exg3

glucan 1,3-beta-glucosidase Exg3

-1.24

SPBC1709.12
SPBC32H8.12c

rid1
act1

GTPase binding protein Rid1 (predicted)
actin Act1

-1.23
-1.23

SPBC29A10.08

gas2

1,3-beta-glucanosyltransferase Gas2

-1.12

SPCC18.01c

adg3

beta-glucosidase Adg3

-1.05

SPAC9G1.06c

cyk3

cytokinesis protein Cyk3 (predicted)

-1.03

-2.77
-2.25

-1.83
-1.72

-1.51
-1.39
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Table 17: Gene expression of cell cycle genes that increase in expression in
nup211-oe cells

	
  

Systemic Name

Gene Name

Gene Product

Log2 Fold
Change

SPAC1142.08

fhl1

forkhead transcription factor Fhl1

1.00

SPAC57A10.04

mug10

Rho guanine nucleotide exchange factor

1.02

SPBC14C8.05c

meu17

glucan-alpha-1,4-glucosidase

1.02

SPAC1002.13c

psu1

cell wall protein Psu1, beta-glucosidase

1.03

SPCC569.01c

-

cell surface glycoprotein

1.03

SPCC285.13c

nup60

nucleoporin Nup60

1.06

SPBC660.14

mik1

mitotic inhibitor kinase Mik1

1.09

SPBC1709.01

chs2

chitin synthase homolog Chs2

1.09

SPCC645.07

rgf1

RhoGEF for Rho1, Rgf1

1.10

SPCC895.05

for3

formin For3

1.12

SPBC28E12.03

rga4

Rho-type GTPase activating protein Rga4

1.13

SPAC15F9.02

seh1

nucleoporin Seh1

1.17

SPCC613.11c

meu23

cell surface glycoprotein

1.18

SPAC6G10.02c

tea3

cell end marker Tea3

1.19

SPAC27F1.04c

nuf2

spindle pole body protein Nuf2

1.20

SPCC970.12

mis18

kinetochore protein Mis18

1.20

SPAC24B11.10c

cfh1

chitin synthase regulatory factor-like Cfh1

1.21

SPBC3D6.04c

mad1

mitotic spindle checkpoint protein Mad1

1.23

SPBC409.09c

mis13

kinetochore protein Mis13

1.23

SPBC19G7.05c

bgs1

1,3-beta-glucan synthase catalytic subunit

1.24

SPBC800.10c

-

actin cortical patch component

1.25

SPBC146.01

med15

mediator complex subunit Med15

1.25

SPAC13G6.10c

asl1

cell wall protein, O-glucosyl hydrolase

1.26

SPBC23G7.08c

rga7

Rho-type GTPase activating protein Rga7

1.29

SPBC21D10.06c

map4

cell surface agglutination protein Map4

1.31

SPBC1289.15

pfl5

cell surface glycoprotein (predicted)

1.38

SPCC1020.02

spc7

kinetochore protein Spc7

1.53

SPCC18B5.03

wee1

M phase inhibitor protein kinase Wee1

1.64

SPCC1795.01c

mad3

mitotic spindle checkpoint protein Mad3

1.73

SPAP11E10.02c

mam3

cell agglutination protein Mam3

1.74

SPBC18E5.03c

sim4

kinetochore protein, CENP-K ortholog

1.86

SPBC1105.05

exg1

1.89

SPAC19B12.02c

gas1

SPAC186.01

pfl9

glucan 1,6-beta-glucosidase Exg1
cell wall protein 1,3-beta
glucanosyltransferase
cell surface glycoprotein, DIPSY family

SPBC32F12.11

tdh1

glyceraldehyde-3-phosphate dehydrogenase

12.44

2.36
3.86
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Chapter V: Nup211 transcriptionally controls the expression of ace2
transcript
5.1 Introduction
RNA-Sequencing data revealed that nup211-so (+T) cells have a decrease in expression
of several genes that are responsible for cell shape and septum maintenance including the
separation transcription factor ace2. Interestingly, the expressions of ace2 downstream targets
was also decreased, yet in nup211-oe cells, ace2 expression was unaffected. Ace2 is a part of a
succession of activators that contribute to primary septum degradation [120]. The primary
septum is composed of mostly β-1,3 glucans and are degraded by the activity of glucanases.
Primary septum degradation is also dependent on the activity of transcription factors sep1 and
fkh2, the mediator complex and exocyst complex [77-83]. (see Chapter 1 Section 8.3)
Ace2 activates numerous mitotic genes such as the ace2 dependent genes (adg1, adg2
and adg3) which are responsible for cell separation, mid2, a periodically expressed gene
involved in promoting septin organizing into stable ring structures, agn1 an endo- (1-3)-αglucanase responsible for septum edging hydrolysis, eng1 an endo- (1,3)-α-glucanase that
dissolves the primary septum and clf4, a chitin regulatory factor [120]. These ace2 dependent
genes were identified when mRNA was purified from ace2 null mutants and used to hybridize a
DNA microarray containing the fission yeast genome. The microarray data uncovered that these
seven genes expression were roughly two-fold lower compared to wild-type ace2 cells [120].
Sep1 and Fkh2 each activate ace2 and also turns on other mitotic phase genes that trigger
septum formation [84]. In addition to these transcription factors, septum formation relies on the
mediator and exocyst complex. The mediator complex encodes genes (med31, sep11, med8) that
are responsible for cell separation [121]. The exocyst complex delivers hydrolytic proteins
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important for cell cleavage to the division site and therefore vital for cytokinesis [81]. In this
chapter, I explored whether enforcing ace2 expression can lead to significant suppression in the
morphological defects caused by Nup211 down-regulation. The suppression of these defects did
not restore cell viability, demonstrating that Nup211 has an essential function outside of its role
in this pathway. These results suggest that the influence Nup211 has on the ace2 gene expression
is partially responsible for the cell shape and septum defects in nup211-so (+T) cells. The
functions of Nup211 in other pathways than the one relying on Ace2 were required for viability.

5.2 Results:
5.2.1 RNA Sequencing and PCR
Since there are many regulatory factors that control cytokinesis, I focused on the
expression of genes that were specifically involved in cell shape and septum maintenance from
the RNA-Sequencing data in nup211-so (+T) cells. Among the genes that were down-regulated
was transcription factor ace2. Consistent with the down-regulation of ace2, in nup211-so (+T)
cells, expression of the ace2 downstream targets were also reduced (e.g. adg1, adg2, adg3, agn1,
eng1, mid2, cfl4 and rgf3; Table 18).
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Table 18: Gene expression of ace2 and its downstream targets
Gene Name

Product

Log2 (Fold
Change)!

ace2

transcription factor ace2

-2.35!

adg1

sequence orphan
ace2 dependent gene adg1

-3.38!

adg2

conserved fungal protein
ace2 dependent gene adg2

-1.54!

adg3

predicted beta-glucosidase
ace2 dependent gene adg3

-2.22!

agn1

glucan endo-1,3-alpha-glucosidase

-2.40!

cfh4

chitin synthase regulatory factor

-1.84!

eng1

endo-1,3-beta-glucanase

-1

rgf3

RhoGEF rgf3

-0.88

mid2

medial ring proteins mid2

-1.29

Quantitative PCR was performed for each individual target to address whether the gene
expression of ace2 and its downstream targets were decreased. The internal control in this assay
was acp1. PCR analysis confirmed the down-regulation of ace2 and its downstream targets in
nup211-so (+T) cells (Figure 16). The expression of ace2 was decreased by 5.7 ± 0.17 fold, adg1
was decreased by 4.33 ± 0.23 fold adg2 was decreased by 3.8 ± 0.26 fold, adg3 was decreased
by 2.8 ± 0.34 fold, agn1 was decreased by 2.9 ± 0.50 fold, eng1 was decreased by 1.9 ± 0.34
fold, cfh4 was decreased by 3.2 ± 0.31 fold, mid2 was decreased by 1.9 ± 0.5 fold and rgf3 was
decreased by 1.2 ± 0.8 fold. ace2 deletion causes cell separation defects such as branching and
filamentous phenotypes as well as an increase in cells with multiple septa [120]. These
phenotypes are comparable to those seen in nup211-so (+T) cells. This suggests that role Nup211
plays in cell shape and septum maintenance is at least partly through its effect on the expression
of ace2 and its downstream targets.
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Figure'7'
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Figure 16: PCR confirms down-regulation of ace2 and its downstream targets Quantitative PCR confirming ace2 and its
transcriptional targets are down-regulated in nup211-down-regulated cells. Primers used for each qPCR recognized ~100bp
regions of each gene (Table 3). n=3	
  
	
  

5.2.2 ace2 overexpression partially rescues nup211-so (+T) cell morphology phenotype
To reinforce my findings, I attempted to rescue the morphological defects by
transforming nup211-so (+T) cells with a construct overexpressing ace2 using the adh1 promoter
(nup211-so-ace2). My results indicated that ace2 overexpression suppressed the cytokinetic
defects associated with the cell separation pathway (Figure 17A). There was indeed a reduction
in filamentous cells with misplaced and multiple septa (Figure 17A). After scoring 200 nup211so-ace2 (+T) cells, the morphological defects that remained were rounded and bulged cells
(Figure 17C). I also examined the cellular growth of using the cell growth assay of nup211-soace2 (+T) cells and determined that ace2 overexpression does not rescue the cell growth defect
when Nup211 is down-regulated (Figure 17B). This indicated that Nup211 might be involved in
other pathways that lead to cell shape defects independent of ace2. Although, cell growth
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improved by one dilution fold compared to the empty vector control, ace2 overexpression did
not restore the cell growth to the same extent as the overexpression of full-length nup211.
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Figure 17: Cell morphology and viability of ace2, sep1 and fkh2 overexpressed strains (A) Bright field images of nup211-so
cells transformed with ace2, sep1, or fkh2 expressing plasmids. Scale bar = 5µm (B) Spot assays to examine the rescuing effects
5

of overexpression of ace2, sep1, and fkh2. The spot assay started with 5µl aliquot of 5x10 cells/ml followed by tenfold serial
dilution spotted onto EMM2 alone and EMM2 containing 10µg/ml thiamine plates. Overexpression of ace2, sep1, and fkh2
partially rescued the lethal phenotype caused by shut-off of nup211. (C) Distribution chart showing the rescuing effect of ace2,
sep1, or fkh2. ace2 overexpression restored the cell shape defect by 75% while sep1 restored 64% and fkh2 restored 59% in
comparison to nup211-so (+T) cells
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5.2.3 sep1/fkh2 overexpression partially rescues cell morphology phenotype
As mentioned earlier, sep1 and fkh2 are forkhead transcription factors that are responsible
for regulating mitotic genes and they each positively regulate ace2 [84]. Sep1 and Fkh2 can also
independently activate Ace2 target genes and other crucial mitotic phase genes such as mid1,
plo1, cdc15 and the beta glucosidase exg1 [84, 122, 123]. Although RNA-Sequencing data
revealed that sep1 and fkh2 gene expression were unaffected in nup211-so (+T), the Sep1 and
Fkh2 targets - ace2, cdc15, sid4 and ark1 [84, 124] expression were affected. I wanted to
determine whether ectopic overexpression of sep1 or fkh2 would also suppress the cell
morphological defects in nup211-so (+T) cells. Overexpression of sep1 (nup211-so-sep1) and
fkh2 (nup211-so-fkh2) partially suppressed the cell separation defects but not as well as ace2
overexpression (Figure 17A; Figure 18B). Cells that were bulging or rounded persisted in the
sep1 and fkh2 overexpression strains (Figure 16C; Figure 17C). sep1 overexpression led to a
decrease in cells with multiple septa (Figure 17A) whereas fkh2 overexpression led to elongated
and larger cells in comparison to nup211-so-FLnup211 (+T) cells (Figure 17). This suggests that
overexpression of sep1 partially compensates for the morphological defects in nup211-so (+T)
cells and that the overexpression of fkh2 can disrupt other cellular processes that affect cell
morphology. The interaction between the down-regulation of Nup211 and the overexpression of
fkh2 needs to be further explored to determine the cause of this phenotype. Just as with ace2,
overexpression of sep1 or fkh2 does not restore the cell growth defect of nup211-so (+T) cells.
Although the cell growth improved by one dilution fold compared to the empty vector control,
sep1 and fkh2 did not restore viability similarly to the overexpression of full-length nup211
(Figure 17B). It is important to note that the phenotypes seen in Figure 17A of the
overexpression strains: nup211-so-ace2 (+T), nup211-so-sep1 (+T) and nup211-so-fkh2 (+T)
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were not due to the overexpression of ace2, sep1 or fkh2 but a result of Nup211 down regulation
in thiamine treated cells (Figure 18).

nup211-so

nup211-so+ace2

nup211-so+sep1

nup211-so+fkh2

Figure 18: Cell morphology of ace2, sep1 and fkh2 overexpressed strains. Brightfield images of ace2, sep1 and fkh2
overexpression cells. Scale bar = 5µm
	
  

5.2.4 Nup211 is enriched at ace2 genomic loci
The down-regulation of Nup211 leads to the decrease in expression of ace2 (Figure 16).
Ace2 overexpression partially rescues the morphological phenotypes in nup211-so (+T) cells
(Figure 17). Nup211 may control ace2 expression at the transcriptional level. I therefore asked
whether Nup211 would be a transcription factor to ace2. I used the ChIP assay to determine
whether Nup211 could be found in the family of ace2 promoters along with Sep1 and Fkh2.
DNA was extracted from nup211-so cells grown in EMM2 + thiamine media while nup211-wt
and nup211-oe cells were grown in EMM2 media. The cells were fixed with formaldehyde,
lysed, and then sonicated to shear the DNA. The isolated chromatin was immunoprecipitated
with anti-N terminal Nup211 antibody bound to Protein A coated Dynabeads overnight at 4°C.
The beads were washed, purified and eluted to recover the DNA bound to Nup211 protein. The
negative control for these experiments was a nup211-wt no antibody sample. I was interested in a
number of loci in this assay and the isolated DNA was subsequently used for PCR. Primers that
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recognized the coding sequence of ace2, sep1 and fkh2 were used for the assay (Table 2). PCR
analysis revealed that Nup211 was enriched at ace2, sep1 and fkh2 genomic loci (Figure 19).
The enrichment varied relative to the levels of Nup211 expression in the cells. Nup211
was enriched at the ace2 coding sequence locus 11.8 fold; this enrichment increased to 17.3 fold
when nup211 was overexpressed and decreased to 4.2 fold when nup211 was down regulated
(Figure 19A). Nup211 was enriched at the sep1 coding sequence locus 10.7 fold; this enrichment
increased to 17.6 fold when nup211 was overexpressed and decreased to 2.8 fold when nup211
was down regulated (Figure 19B). Nup211 was enriched at the fkh2 coding sequence locus 13.2
fold; this enrichment increased to 20.7 fold when nup211 was overexpressed and decreased to
2.8 fold when Nup211 was down regulated (Figure 19C).
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Figure 19: Nup211 is enriched at the ace2, sep1 and fkh2 loci ChIP analysis determining Nup211 protein interaction with
DNA using an anti-nup211 antibody (A) Nup211 is enriched at ace2 coding sequence locus 11.8 fold ± 0.42 in nup211-wt cells;
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coding sequence locus 13.2 fold ± 0.37 in nup211-wt cells; 20.7 ± 0.23 in nup211-oe cells; 2.81 ± 0.22 in nup211-so (+T) cells.
Each PCR was performed in duplicates per sample and each value is an average of two independent ChIP assays
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To determine if Nup211 had a higher binding affinity specifically to ace2, sep1 and fkh2
promoter regions, I generated primers that recognized the promoter regions of each gene and
performed PCR. In this study, DNA isolated from nup211-wt and nup211-so (+T) ChIP assays
were used. Nup211 was enriched at the ace2 coding sequence locus 15.7 fold; this enrichment
decreased to 2.8 fold when nup211 was down regulated (Figure 20A). Nup211 was enriched at
the sep1 coding sequence locus 9.5 fold; this enrichment decreased to 2.29 fold when nup211
was down regulated (Figure 20B). Nup211 was enriched at the fkh2 coding sequence locus 8.8
fold; this enrichment decreased to 2.5 fold when nup211 was down regulated (Figure 20C). The
enrichment of Nup211 at the sep1 and fkh2 loci did not increase in comparison to the coding
sequence, however, there was a substantial increase in enrichment at the ace2 promoter region
(Figure 19; Figure 20)
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Figure 20: Nup211 is enriched at the ace2 promoter region ChIP analysis determining Nup211 protein interaction with DNA
using an anti-nup211 antibody (A) Nup211 is enriched at ace2 promoter region 15.7 fold ± 0.55 in nup211-wt cells; 2.8 ± 0.22 in
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cells. Each PCR was performed in duplicates per sample and each value is an average of two independent ChIP assays
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5.3 Discussion
Since progression into a new cell cycle is not dependent upon successful completion of
cell separation, Nup211 down-regulated cells will continue to grow with abnormal morphology
until they ultimately die. I identified, through RNA-sequencing analysis that the expression of
cytokinetic genes were affected by the down-regulation of Nup211. Particularly, Nup211 downregulation led to a decrease in expression of ace2 and its downstream targets: adg1, adg2, adg3,
mid2, cfh4, eng1, agn1 and rgf3. Previous studies have shown that mutant ace2 cells have
multiple septa and defects in cell cleavage. Overexpression of ace2 in nup211 down-regulated
cells rescued the elongated, branched, multiple septa, misplaced and thickened septa phenotype.
However, cells that were rounded or with one daughter cell curved or bulged were not rescued.
This implies that the role Nup211 plays in the cell cycle is not limited to its activity in the cell
separation pathway. Nup211 may be involved in other pathways that affect cell morphology
such as actin dynamics since there was a prevalence of rounded cells, which is indicative of an
actin loss-of-function mutant [96].
Sep1 and Fkh2 both independently regulate ace2 and other important cytokinetic genes
[84]. sep1 null and fkh2 null cells have filamentous growth similar to ace2-null cells [79, 80,
125] . Introducing sep1 and fkh2 into Nup211 down-regulated cells also suppressed the cell
shape and septum maintenance defects. However, my data stated that the overexpression of sep1
and fkh2 do not rescue the cell morphology defects as well as the overexpression of ace2. The
mRNA expression levels of sep1 and fkh2 in nup211 down-regulated cells were not affected
based on the RNA-sequencing. Taken these observations together, Nup211 may affect the
expression of ace2 independently of controlling sep1 and fkh2 mRNA levels. Further
investigation is needed to determine how overexpression of ace2, sep1 and fkh2 affects nup211-

	
  

88

so (+T) cells. An immunoblotting assay could be used to determine the expression levels of ace2,
sep1 and fkh2 to verify there is indeed an increase in these protein products.
Furthermore, ace2 is not an essential gene; therefore regulating ace2 expression levels is
not the essential function of nup211. Because the expression of ace2 decreased in Nup211 downregulated cells, its downstream targets responsible for septum dissolution and cell separation are
not activated, leading to cells being able to progress through the cell cycle but not divide. The
ChIP assay showed that Nup211 is enriched at the promoter of ace2, which may have functional
relevance (Figure 19; Figure 20). Although Nup211 binds to the genomic loci of sep1 and fkh2,
the mRNA levels were not significantly affected by the down-regulation of Nup211.
It would be valuable in this assay to look at other target genes to address which promoters
may recruit or not recruit Nup211 and possibly identify a regulatory sequence.

These results

provide evidence that Nup211 may bind to specific locations of the genome as seen in its
Drosophila homolog, Megator, which binds to termed Nuclear Associated Regions (NAR)
throughout the Drosophila genome (see Chapter 1 Section 5.2). The interaction between Nup211
and DNA may be indirect. Nup211, like its budding yeast homolog, Mlp1, may interact with
DNA-binding partners at the nuclear periphery anchoring chromatin to the NPC [117].
Additional verification of Nup211 enrichment at the genomic loci of ace2, sep1 and fkh2 is
needed. A negative control for a locus not influenced by Nup211 is also essential to substantiate
these results such as the components of the mediator and exocyst complex whose expression is
unaffected when Nup211 is down-regulated. The isolated DNA-protein complex from the ChIPPCR analysis depends on how well the DNA is fragmented; the enrichment of Nup211 at ace2,
sep1 and fkh2 loci could be an artifact of the fragments and not a true protein-DNA interaction.
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In addition to validating my ChIP data, a ChIP-Sequencing assay would also be a valuable assay
to determine where Nup211 binds throughout the fission yeast genome.
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Chapter VI: Actin protein expression is decreased in nup211–so (+T)
cells
6.1 Introduction
Actin is an essential gene and a major component in the fission yeast cell cycle [105].
The actin cytoskeleton is made up of actin patches, actin cables and the contractile ring, each
having distinct functions throughout the cell cycle (see Chapter 1 Section 7). An actin mutant has
major morphological defects since actin is involved in cellular processes including endocytosis,
septum formation and cell polarity leading to [126] Actin loss-of-function mutants are rounded
or rugby ball shaped [96]. Similarly, Nup211 down-regulated cells have severe cell
morphological defects. Particularly, there are septum defects as well as cell polarity defects in
nup211-so (+T) cells; cells are elongated, rounded and branched, similar to an actin mutant
[126]. I identified that the morphological defects were substantially due to the decrease in
expression of cell separation transcription factor ace2, and its downstream targets.
Overexpression of ace2 partially rescued the defects seen in nup211-so (+T) cells, yet there were
still defects that persisted such as the loss of polarity phenotypes (rounding and bulging of cells)
[96]. My RNA-Sequencing data revealed that actin gene expression was decreased by roughly
two fold in nup211-so (+T) cells. Given this information, I hypothesized that the decrease in
actin gene expression would result in a decrease in actin protein expression in nup211-so (+T)
cells possibly leading to morphological defects.
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6.2 Results
6.2.1 Nup211 down-regulation leads to a decrease in actin protein
To determine whether actin protein levels were indeed decreased in nup211-so (+T) cells,
I performed an immunoblotting assay. Total lysates obtained from nup211-wt, nup211-so and
nup211-oe cells grown in EMM2 no thiamine and thiamine containing media were subjected to
immunoblotting for actin. Ponceau S staining was used as the loading control. The downregulation of Nup211 led to a loss of actin protein expression in comparison to nup211-wt cells
(Figure 21). Nup211 overexpression did not affect actin protein expression. Since Nup211 is
under the nmt1 promoter in nup211-oe cells, as a control, I treated those cells with thiamine to
determine whether in this strain the actin protein expression is indeed reduced upon the loss of
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Figure 21: Actin protein expression is decreased in nup211 down-regulated cells
nup211-wt, nup211-oe and nup211-so cells were grown in EMM2 no thiamine and EMM2 containing (10µg/ml) thiamine media,
harvested for immunoblotting with actin antibodies. nup211-so and nup211-oe cells grown in thiamine reduced actin expression
levels.
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6.2.2 Actin transcript is both cytoplasmic and nuclear in nup211-so (+T) cells
Previous studies have demonstrated that the down-regulation of Nup211 leads to poly-A
RNA retention in the nucleus [2]. To determine whether the decrease in actin protein expression
is a result of an mRNA export defect causing the actin transcript to be retained in the nucleus, I
tested the localization of actin transcript. I generated three biotin labeled probes that recognized
actin mRNA and performed Fluorescent In Situ Hybridization

(FISH). Cells were also

separately incubated with biotin labeled oligo-dT-45 probe. The secondary antibody used was
anti-biotin Cy5 conjugated antibody. The actin and oligo-dT (45) probed cells were then
mounted onto coverslips visualized using the Perkin Elmer UltraView ERS Spinning Disk
Microscope. There was nuclear poly-A RNA retention in nup211-so (+T) and nup211-oe cells
(Figure 22A). In both nup211-so (+T) and nup211-oe samples there are some cells that do not
have nuclear retention of poly-A RNA (Figure 22A). One justification for this result is that the
samples were asynchronous and retention of mRNA can be cell cycle dependent.

Actin

transcript was both cytoplasmic and nuclear in nup211-wt, nup21-oe cells nup211-so (+T) cells
(Figure 22B). These data suggest that the actin transcript was not retained in the nucleus in
nup211-so (+T) cells and therefore the decrease in actin protein was not a result to transcript
retention in the nucleus.
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Figure 22: Actin mRNA is cytoplasmic and nuclear in nup211-so (+T) cells
nup211-wt,and nup211-so cells were grown in EMM2 no thiamine and nup211-oe cells were grown in EMM2 media containing
(10µg/ml) thiamine (A) probed with biotin label oligo-dT(45) and (B) three biotin labeled probes that identified actin mRNA
sequence (1) CCA CTG GTA TCG TCT TGG ACT CTG GTG ATG GTG (2) GAA ACT TTG CTA CGT CGC TTT GGA CTT TGA
GC (3) GGG TCT TGA AAA CGC CGG TAT TCA TGA GGC. Scale bar = 5µm

6.2.3 Actin patches and cables are decreased in nup211-so (+T) cells
Actin gene and protein expression was decreased in nup211-so (+T) cells. In order to
identify how this affects actin localization throughout the cell, I stained nup211-wt, nup211-so
and nup211-oe cells with phalloidin. F actin is readily visualized as patches and cables using
phalloidin staining. nup211-wt, nup211-oe and nup211-so (+T) were fixed with methanol,
immobilized onto poly-l-lysine coverslips and treated with Alexa Flour 488 phalloidin. Stained
cells were mounted onto cover slides and visualized using the spinning disk microscope. Actin
was seen as patches at the cell tips and at the medial cortex in nup211-wt and nup211- oe cells
(Figure 23). Actin cables spanned the length of the cells in nup211-wt and nup211- oe cells. In
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nup211-oe cells, actin localization did not appear to be affected and were comparable to nup211wt cells. However, F actin patches were minimally visible with a complete loss of F actin cables
in nup211-so (+T) cells (Figure 23-actin cables are highlighted with blue arrows). I surveyed
nup211-so (+T) cells that had different morphological phenotypes, and in all cases, there was a
loss in actin cables. The branched cell shown in Nup211 down-regulated cells emphasized the
defect in actin localization (Figure 23). In Figure 23, the red arrows highlight actin patches and
in branched nup211-so (+T) cells, actin patches were localized at only two of the three cell tips
(Figure 23). The yellow arrow points at the cell septum and highlights the loss of actin patches at
the septum in Nup211 down-regulated cells (Figure 23).

Phalloidin

nup211-so (+T)

nup211-oe

nup211-wt

Bright field

Figure 23: Actin localization in nup211-so (+) and nup211-oe cells
nup211-wt, nup211-oe and nup211-so cells were grown in EMM2 no thiamine or EMM containing (10µg/ml) thiamine media,
stained with Alexa488 Phalloidin and visualized using a spinning disk microscope. Actin is readily visible as patches and cables
(blue arrow) in nup211-wt, nup211-oe cells. nup211-so (+T) cells have reduced actin patches (red arrow) and a loss on actin
cables. The yellow arrow points at a septum and highlights no actin patches in the phalloidin stain. Scale bar = 5µm
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6.3 Discussion
The RNA-Sequencing data showed that both the down-regulation and overexpression of
Nup211 led to a decrease in actin transcript expression (See Chapter 4). However, only in
nup211-so (+T) cells, there was a decrease in actin protein expression. These data states that
altering the expression of Nup211 decreases the gene expression of actin but only the downregulation of Nup211 has a deleterious effect on actin protein expression. This suggests that the
down-regulation of Nup211 in comparison to its overexpression has an additional affect on actin
expression after gene synthesis. The export of actin mRNA was not affected when Nup211 was
down-regulated (Figure 22).

There could be issues with translation of actin transcript or

disruptions in actin regulating proteins that contribute to its protein stability. The loss of actin
may contribute to the essential function of Nup211; however, actin protein loss may be a
consequence of another essential function of Nup211, such as its role in affecting gene
expression (See Chapter 4). The depletion of actin protein may occur after the cell has been
triggered for cell death. The future direction of these experiments will be first to reintroduce
actin into nup211-so (+T) cells to determine whether the depletion of actin is the cause of the
loss of polarity phenotypes (rounded and bulging cells) seen in Nup211 down-regulated cells
(See Chapter 3). Additionally, performing a time-lapse imaging assay to determine the time point
actin is depleted from nup211-so (+T) cells would identify whether cells develop morphological
defects because of the loss of actin.
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Chapter VII: Concluding remarks and future directions
I set out to explore the functions of Nup211 and how altering its expression affects cell
morphology and gene expression. I have demonstrated that Nup211 is necessary for cell
viability, appropriate cell morphology, septum dissolution and global gene expression. In an
effort to determine which domain rescues these defects I performed domain analysis and
determined that overexpressing the N terminal domain of Nup211 was sufficient to rescue the
lethal phenotype but partially rescue the cell morphology defect. Neither the N nor C terminal of
Nup211 fully rescued the cell morphology defect thus, I proposed that the full-length Nup211
was necessary for complete rescue. To validate this assumption, we intend to generate more
plasmids that extend further into what I classified as the C terminal domain and determine how
much of Nup211 is needed starting from the N terminus to fully rescue the morphological
defects. For instance, instead of making the N terminal domain end at 1033 amino acids, it will
extend further to 1250 amino acids. Also, it is known that Nup211 overexpression and downregulation leads to poly-A RNA retention in the nucleus [2]. To further explore the functional
relevance of this interaction between Nup211 and transcript export, we can use domain analysis
to determine which domain rescues the poly-A RNA retention in the nucleus. After transforming
the strains with overexpressed domain of Nup211, cells will undergo FISH analysis to determine
which domain restores cytoplasmic and nuclear localization of poly-A RNA.
On a larger scale, Nup211 is involved in global gene expression. Both the up regulation
and down regulation of Nup211 leads to a global alteration of gene expression, roughly 20% of
the genome expression is altered.

The down-regulation of Nup211 led to a decrease in

expression of 671 genes at log2< -2 and an increase in expression of 551 genes at log2>2. The up
regulation of Nup211 led to a decrease in expression of 582 genes at log2< -2 and an increase in
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expression of 445 genes at log2>2. This change in expression of these genes could be explained
two-fold. Firstly, the down regulation or up regulation of these genes can be a defense
mechanism responding to cellular stresses, nutrient conditions, and developmental stage in a
Nup211 overexpression and down-regulation background. Alternatively, Nup211 may play a
direct role in the expression of these genes, either by interacting with transcriptional machinery
or by binding directly to chromatin as seen in the Nup211 Drosophila homolog, Megator.
Megator and its NPC binding partner, Nup153 binds to 42% of the Drosophila genome in generich areas covering approximately 4700 protein coding genes, termed nucleoporin associated
regions (NAR) [44]. Our data supports the latter.
Because Megator was shown to bind to the genome, it will be interesting to determine
whether nup211 also binds to the genome globally using a Chip-sequencing assay. Our ChIPRT-PCR assay demonstrated that Nup211 does have an affinity to DNA and in the case of ace2,
there is an increased enrichment at the promoter region. Nup211 may bind to DNA either
directly or indirectly through its association with DNA binding components, to affect gene
expression. To determine whether Nup211 interacts with any DNA binding components, a coimmunoprecipitation assay with Nup211 and total protein extract followed by mass spectrometry
would be useful to identify protein-protein interactions. Since the strains are available, the co-IP
can be done using nup211-wt along with nup211-so and nup211-oe cells as controls. Overall, the
changes in gene expression seen from the RNA-Sequencing data in nup211-so (+T) and nup211oe strains, contribute to the health of the cells. The cellular response to the global change in gene
expression is phenotypically manifested into morphological defects.
The association between Nup211 and the expression of ace2 and its down-stream targets
is valuable to explore. Nup211 may act as an ace2 activator either directly binding to ace2
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promoter region acting as a transcription factor or acting in a complex with transcriptional
machinery to aid in the activation of ace2. To further determine whether Nup211 and ace2
interacts, a gel mobility shift assay would be crucial.
Previous studies have determined that sep1 and fkh2 are independently involved in ace2
activation. In nup211-so (+T) cells, sep1 and fkh2 gene expression were not affected. I cannot
discount whether protein import is disturbed by Nup211 down-regulation. There is a chance that
Nup211 down-regulation could affect the import of proteins and although transcription of sep1
and fkh2 is satisfactory, their import into the nucleus might be deficient. Additionally,
investigating the protein expression of Sep1 and Fkh2 allows us to determine whether their
protein expression is affected in nup211-so (T) cells although gene expression was not.
Antibodies against fission yeast proteins are not readily available; therefore, we can fluorescently
tag ace2, sep1 and fkh2 to establish the protein expression levels and their localization in Nup211
down-regulated cells.
In both the down regulation and overexpression of Nup211, ribosomal genes were largely
down-regulated. It is important to determine why and how the decrease in the ribosomal units
expression affects cell homeostasis. Cycloheximide treatment inhibits protein synthesis and
would be valuable in determining if the down-regulation or overexpression of Nup211 would
change the degree of protein synthesis in comparison to wild-type. Ribosomal RNA is
transcribed in the nucleolus; consequently, it would be important to resolve how the nucleolus is
functioning in nup211-so (+T) and nup211-oe cells and also to identify its structural
organization.
The septum is abnormally localized with aberrant morphology in nup211-so (+T) cells.
Numerous glucan synthases were down regulated in nup211-so (+T) cells; among them was
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ags1. Ags1 is glucan synthase that is dependent on actin to localize to the cell cortex and is
necessary for secondary septum formation and the primary septum robustness needed to support
turgor pressure during cell separation [127]. Since there are no actin cables visible in nup211-so
(T) cells, the localization of ags1 could be flawed and contribute to the overall defect in septum
dynamics in nup211-so (+T) cells.
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